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ABSTRACT
An example of a minimal complexity simulation helicopter
math model is presented. Motivating factors are the
computational delays, cost, and inflexibility of the very
sophisticated math models now in common use. A helicopter model
form is given which addresses each of these factors and provides
better engineering understanding of the specific handling
qualities features which are apparent to the simulator pilot.
The technical approach begins with specification of features
which are to be modeled followed by a build-up of individual
vehicle components and definition of equations. Model matching
and estimation procedures are given which enable the modeling of
specific helicopters from basic data sources such aa flight
manuals. Checkout procedures are given which provide for total
model validation. A number of possible model extensions and
refinements are discussed. Math model computer programs are
defined and listed.
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MINIMUM-COMPLEXITY HELICOPTER SIMULATION MATH MODEL PROGRAM
I. Introduction
A. Background
The past decade has seen a trend toward increasingly com-
plex simulator math models. Part of this has been a result of
more flight control system sophistication and attention toward a
number of aerodynamic factors, including interactive aerodynamics
and aeroelastic effects. Another reason is the availablity of
large, high speed mainframe and mini-computers. Some simulation
uses such as aircraft design or failure analysis do justify at-
tention to detail. Other applications, including may handling
qualities evaluations, may be better served with lesser sophis-
tication. Since high complexity also carries the burden of high
cost of engineering labor and computer facilities, one should ex-
ercise judgment in math model design. Engineering management
should be concerned when there is a neglect to determine
precisely the degree of complexity really needed for a given ap-
plication.
The purpose of this report is first to discuss the reasons
for striving for minimal math model complexity and second to of-
fer an example of a reasonably useful and credible beiicopter
math model form offering real economy in terms of development and
computational requirements. Evaluation of handling qualities is
the main application unde_ consideration here, but the same kinds
of factors would apply to other simulation uses.
The question being considered is really one of math model
value versus cost. The value must ultimately be expressed as the
utility of a math model to provide necessary features which can
be perceived and used by the simulator pilot. One should expect
that, as a function of complexity, this mode] utility approaches
a fairly flat asymptote with some reasonable level of complexity.
The other side of the coin is the cost of math model development
and checkout, also a function of complexity. Unfortunately this
function can be expected to increase exponentially. These con
trasting relationships ale sketched in Figure I. The obvious
question for the simulator user is at what level of model com+
plexity do these two cost/value curves cross. That is, what is
the point of diminishing returns on model complexity?
Cost of Development
MODELcosT] and Checkout _,/
OR I Po/nt of "Diminlsh/ng
and Engineer(for a given application)
MODEL COMPLEXITY
Figure 1. Tradeoff of Math Model Cost with User Utility.
Experience typical of that described in References 1 and
2 has taught that math model complexity alone does not automati-
cally provide effectiveness in handling qualities simulations.
Rather, there can be distracting factors which work counter to
simulation objectives. Ultimately, limited resources prevent one
from realizing the full potential of an overly complex simulator
math model. Other limitations can be a lack of flexibility in
modeling and restricted clarity in the cause and effect relation-
ships between model parameters and features. These shortcomings
raise questions about the value of complexity in helicopter math
models and are a motivation to consider simpler models.
The fol]owing are some of the undesirable effects
ce_slve math model complexity.
of ex-
I. Computational Delays
Computational lag and delay is a particularly important
problem resulting from model complexity. As complexity grows,
c,:,mp_tational delay associated with the math model code increases
and, in turn, compounds overall visual system delay. Computer
speed is limited by the hardware and software system being used
and cannot be easily changed.
The result of the delays imposed is reduced fidelity.
NASA Ames, for example, employs both a Xerox Sigma 8 and CDC
7600 for their Vertical Motion Simulator (VMS). Using the cur-
rently implemented ARMCOP helicopter math model (Reference 3)
and the faster of the two computers (CDC 7600), the computational
delay is about 25 milliseconds. The Sigma may require 60 to 75
milliseconds to cycle. The fo2'mer speed is acceptable for some
math model solutions but visual _ystem digital delay of about I0(_
milliseconds can still remain. Although the impact of this
amount of delay has been minimized at Ames (using methods such as
those presented in Reference 4), more software complexity has
been added to correct a problem originally caused by complexity.
It would seem that this is not as cheap and effective as prevent-
ing the problem by simplifying the model in the first place.
2. Cost of Resources
As model complexity and the amount of computer code grows,
so do the time and effort required to implement, check, and debug
the code. The time available to do these is often limited and
can affect overall math model fidelity if neglected. ARMCOP, for
example, has several thousand lines of code. In checking and
debugging code in large programs, a certain number of errors will
go undetected, and the more code there is, the more likely error5
will persist.
In addition to checking and debugging code, there is the
task of determining model parameters needed to represent a
specific aircraft. The t_me and effort required to thoroughly
validate the model against the real aircraft can be an expensive
part of any simulation. Math models employing look-up tables c_n
have hundreds of parameters which need to be set and confirmed.
Since some of these values are estimates, an iterative process
may be required. Limits on time and manpower may restrict this
process and the fidelity of the model.
Validation of the math model equations (as opposed to math
model code) is also a process which may require iteration as the
model is changed. It is possible that errors in the math model
will exist even as the model is being used in simulation. Again,
the number of errors which exist and the time required to fix
them is a function of the complexity of the model. Time and man-
power restrictions will limit the ability of the users to find
and correct these errors and thus degrade the fidelity of the
model. In order to guarantee that a model is completely correct,
all parts of the model must be exercised. Lookup tables, for ex-
ample, require that all numbers in the table be verified as well
as checked for discontinuities. All equations in the model need
to be checked to ensure they are theoretically sound. With com-
plex code, it is unlikely that all of the model will be checked
as thoroughly as necessary and errors can persist in actively
used models for long periods of time before they are ever noticed
or corrected.
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ARMCOP, for example, still exhibits a problem affecting
maneuvering flight even though the model has seen wide use. This
involves a large speed loss during sustained turns. Although
detected, this problem has not been corrected because of insuf-
ficent engineering labor resources. Rather problems are "patched
up" with flight control system modifications (in this case a
turn-coordinator). Again, complexity is added to fix a problem
itself arising from model complexity.
3. Inflexibility
There is an inherent tradeoff between complexity and
flexibility in models of dynamic systems. As more components or
features are added to a model, it becomes increasingly difficult
and expensive to perform other modifications. One measure of the
flexibility of a model is its adaptlbility to new computer sys-
tems and languages or to changes in the code. Large sets of code
are limited to large computer systems. ARMCOF, for example, re-
guires the use of a mainframe system. In order to work with the
model, one must have access to such facilities.
Once code has been implemented on a machine, it must be
checked and debugged. Modifications for debugging may require
recompilation. Most such changes are made before the code is
used for actual simulation, but it is possible that they will be
made during a simulation. Even simple model changes can consume
enough time to hamper simulator productivity. It is not uncommon
for a software modification, followed by a graphical check, to
require 20 or 30 minutes of simulator occupancy time.
The ability to add, remove, or modify efficiently the
dynamic characteristics of a model is another measure of its
flexibility. It may be desirable, for example, to have a
helicopter simulation without rotor cross coupling. A model such
as ARMCOP, in which cross coupling is inherent, does not allow
easy removal of this feature. In fact, coupling might be
"removed" by adding control system functions to suppress the cou-
pling, thus further increasing the complexity of the model. The
emphasis in modeling should be on efficiency while maintaining
adequate fidelity.
4. Indirectness of Cause and Effect Relationships
The ability to see the relationship between model
parameters and model response features is decreased with com-
plexity. This relationship is important to handling qualities
simulation work for two reasons. First, is the need to easily
make changes in model features. Second is the need to trace er-
rors which appear in the response modes of the model. These are
fundamental to working effectively with the model. In order to
modify response features, one must know what parameters are
responsible for those features and how to change them. In any
math model, individual parameters tend to become coupled to many
-4--
%:
features at once making it difficult to change such features in-
dependently. The more complicated that math model, the more
impossible is it to manage individual model response features.
B. Merits of Considering a Simple Math Model Form
Turning from the above above llst of difficulties issuing
from model complexity, consider some of the direct, positive
aspects of considering a simple math model form at the outset.
It would appear that there are compelling benefits for
general reductions in the levels of complexity exemplified by
math models such as ARMCOP and GENHEL (Reference 5). This leads
us to consider ways to find a compromise between math model com-
plexity and simulator utility. At one extreme are the highly
complex models which attempt to acheive effectiveness through
high computational fidelity. As mentioned, these models
encounter practical limits which not only hamper fidelity but
also reduce their flexibility and clarity becween parameters and
features. At the other extreme are models such as the linearized
stability derivative form which are easier to manage but which
may lack fidelity or be restriced to a small operating envelope.
The merits of a "compromise" model form would thus be cost
and quality benefits derived from the achievement of specific
fidelity features through minimal software program instructions.
I. Cost
The cost benefits will accrue through minimizing labor re-
quired to quantify and checkout the math model implementation.
Developmept of even modest math models typically involve more
than on_ man year of labor. If this process can be shortened to
less than one man-month, the period envisioned for the proposed
form, then _reat savings clearly can be realized.
Simulator math model software checkout can also require
substantial effort. However, this is often simply ]im_ted by
time available and the job might not actually be completed prior
to simulator use. Again the aim is to realize greatly reduced
checkout time through software reduction and to make a comprel_en
si_e checkout feasible within a short period of time.
2. Quality
The quality benefits come from confidence that specifi, _
features needed for effective simulation are represented and that.
they are correct. Here quality arises from the fact that im-
plementation and checkout tasks which should be done are, in
fact, done. In a real sense, quality follows the degree of
manageability afforded b/ the simulator software.
3. Engineering Understanding
-5-
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One of the most important benefits to be derived from a
mimimum-complexity math model is in the potential for more
clearly understanding cause and effect relationships. For ex-
ample, if a particular kind and amount of cross-coupling is
desired, then how does one achieve it through adjustment of math
model parameters? It is possible by having a close, easy-to-
follow connection between the physical component representation
and the resulting physical response features.
An important value of engineering understanding is the
ability to make model adjustments or refinements in a direct, ef-
ficient a manner as is possible for a physical helicopter model.
C. Model Attributes to be Considered
!. Simulator Application
It should be stressed that in this case the goal of the
math mod_l is to be an effective tool for simulation. Model
fidelity alone is not the solution to s_mulator effectiveness.
Rather, it is the ability of the model to produce the desired
results and insights for the given application. Besides having
adequate fidelity, the model must also be affordable, manageable
easily modified and checked, and have a reasonably clear cause
and effect relationship between parameters and response features
(at least those perceivable by the pilot).
2. Handling Qualities Application
Thus we are motivated to turn to a simple model with these
qualities for helicopter handling qualltltes simulation which can
be a more effective tool than existing models. Specifically, the
purpose here is to propose a minimum-complexlty model format
suitable for helicopter handling qualities simulation.
It should be remembered that many handling qualities in-
vestigations involve examination of fairly crude and simple
parameters such as time constants, damping ratios, or static
gains. Furthermore the precision with which evaluation pilots
_:an perceive such changes often can be disappointing to the en-
gineer. Thus it is not reasonable to expect that high math model
resolution is really crucial. If a pilot cannot actually observe
or be influenced by certain math model effects then those effects
should probably be considered as excessive complication.
(Unfortunately, there is presently little quantification of Just
how sensitive a pilot is to various effects, and this is a poten-
tial application of a mlnlmum-complexlty math model.)
3. Full Flight Envelope Operation
The model should be nonlinear and apply to the full
operating range of a real helicopter including rearward as well
as forward flight, sideward flight, hover, and transition from
hover to forward flight. The model should include at least
first-order flapping degrees of freedom and all rigid body de-
grees of freedom. The higher-order flapping modes and any
structural modes beyond the frequency range of interest for han-
dling qualities should not be included unless high-gain flight
control systems are involvede.
4. Modularity
The form of the model will be modular. This will allow
the flexibility of adding alternative rotor models, if desired,
as well as other lifting surfaces. Any combination of components
can be combired including models of pilots an4 control systems
making the model adaptable to a variety of helicopters and sub-
systems. The full utility of the proposed model format will
become apparant as the structure of the model is described in
more detail.
5. Microcomputer Adaptability
The math model form will be compatible with microcomputer
use, at least on a non-real-time basis. It has been found that
math model development and checkout can be done to a large extent
on small, inexpensive desktop microcomputers. This of course
demands that the software be reasonably compact.
D. Report Organization
The presentation which follows consists of four parts:
(i) approach to modeli_g, (ii) matching and estimation proce-
dures, (iii) checkout procedures, and (iv) extensions and
modifications of the model. In addition various detailed i _for-
mation is contained in appendices.
I. Modeling Approach
In the first section, the modeling approach is described
in order to establish the theoretical foundation for the model.
This is useful for understanding, modifying or extending the
model and for its effective use a_ a simulator tool. In addi-
t.ion, a description of the features and components of this
specific model is Kiven. The model is used to represent a Bell
AH-IS Cobra. All [_arameters and variables from this aircraft are
provided here along with the actual code. The sample version
shows the extent of the code in terms of number of parameters.
number of lines of code, number of computations, etc. and can be
compared to an ARMCOP version of the same aircraft.
2. Matching and Estimating Procedures
In the next section, the matching and estimating proce-
dures used to obtain model parameters are described. The sample
version of the AH-IS is used as a specific example. The model is
then exercised and the estimated parameters varied in order to
tune the model to fit performance data.
3. Checkout Procedures
The third section describes several methods of checking
the math model code. The size of the model and the modular for-
mat are conducive to efficient checking. Methods are then
presented for varifying the math model equations and are il-
lustrated using the sample version.
4. Model Extensions and Refinements
Finally, in the last section, possibilities for extending
or modifying the model are introduced to demonstrate the
flexibility of the model format. The potential for a much im-
proved level of simulation effectiveness using these extensions
and modifications is revealed and explained in terms of the ap-
proach taken to the modeling process.
-8-
II. Technical Approach
A. Specification of Desired Math Model Features
The approach to modeling will begin with a list of desired
features. This lis_ will serve as a specification upon which to
formulate a minimum-complexity model containing only those com-
ponents and equations directly responsible for the desired
features. The model will be customized to the problem being
studied.
We shall assume that the model is intended for handling
qualities siml,lation and that the features to be included in the
model should be features which are observable or needed by a
pilot. It should be assumed that the model will be operated over
a specified flight envelope and controlled by a given flight con-
trol configuration. This sets limits on speed, acceleration, an4
frequency response. The features to be included by the following
example are listed in Table I. Of course these are subject to
change depending upon the application.
Table i. Desired Features
I. First-order flapping dynamics for main rotor (coupled or
uncoupled).
2. Main rotor induced velocity computation.
3. All rigid-body degrees of freedom.
4. Realistic power requirements over desired flight envelope.
5. Rearward and sideward flight without computational sin-
gularities.
6. Hover dynamic modes:
--longitudinal and lateral hover cubits
--rotor-body coupling with flapping
7. Forward flight dynamic modes:
--short period and phuguoid
....roll mode and Dutch roll
--rotor-body coupling with flapping
8. Dihedral effect..
9. Correct transition from hover to forward flight.
I0. Potential for rotor RPM variation.
II. Corre;_t power-off glide for mln R/D and max glide.
"'9-
mi. First-Order Flapping
It has been shown in Reference 6 that rotor flapping carl
couple with rigid-body modes in regions which affect handling
qualities. This occurs in the lower frequency or "regressing
flapping" modes. However, this effect can be modeled with a
first-order flapping equation in the pitch and roll axes.
The time constant involved in the regressing flapping mode
is directly proportional to the product of rotor angular velocity
and Lock number. Thus only the commonly available rotor mass and
geometric parameters are needed.
The actual flapping response is modified by coupling with
the fuselage at the hub restraint. Since this involves the clas-
sical rigid body modal reponse, it is discussed further under
items 6 and 7 below.
The feature of flapping which is most important to a
pilot-in-the-loop simulation is the apparent control lag follow-
ing cyclic input. This lag is in effect the time required to
precess the tip path plane to a new orientation. A typical value
for the effective lag is about 0.1 sec--significant because it is
comparable to the pilot's own neuromuscular lag.
2. Main Rotor Induced-Velocity Computation
A particularly important feature of a helicopter is the
relationship among thrust, power, and airspeed. This relation-
ship arises from the induced-velocity of air passing through the
rotor disc.
There are a number of complicating factors, but, to a
first-order approximation, induced-velocity effects can be
modeled with a classical momentum theory model wherein thrust and
induced-velocity interact in an aerodynamic feedback loop.
Computation is complicated, however, because this feedback is
highly nonlinear.
Another aspect of the induced-veloclty is its effect on
adjacent surfaces. The rotor induced-velocity field impinges on
the wing, horizontal tail, and fuselage and varies with eirspeed
and flight path direction.
3. Rigid-Body Degrees of Freedom
Normally, six rlgid-body degrees of freedom are needed fc_r
useful manned siml_latlon. Pilot workload arises from constant
attention to roll, pitch, and yaw as well as translation fore-
and-aft, to the s,de, and vertically. Only under special
conditions might one desire to eliminate one of these via. for
example, the assumption of perfectly coordinated forward flight
-I0-
4. Power Requirements Over Flight Envelope
A common sodrce of real aircraft data appropriate for
verifying a math model is performance data in terms of power re-
quired for various trim conditions. The power or torque required
is immediately obvious and important to a pilot and varies sub--
stantially from hover through transition and finally in forward
flight.
Power requirements can be easily computed once main
tail rotor induced velocities are established.
and
5. Rearward and Sideward Flight
In a full-flight-envelope model involving circulation
lifting surfaces, computational singularities can exist, depend-
ing upon the model form used. These singularities come from
trigonometric functions for angle of attack, sideslip, etc., but
are avoided in this model by using a quadratic lift coefficient
method. For this technique, forces for lifting surfaces are com-
puted using quadratic coefficients multiplied by the squares of
velocity components so that negative velocities cannot cause sin-
gularities. No explicit computation of angle of attack or
sideslip is needed and, indeed, should be completely avoided.
6. Hover Dynamic Modes
Hovering flight is characterized by similar dynamics in
each the pitch and roll axes, including sets of high and low fre-
quency response modes. In addition, the yaw axis contains a
predominant yaw damping mode. These dynamics can couple with
regressing flapping dynamics. All are apparent to the pilot in
operating the aircraft whether trimming, maneuvering, or flying
unattended.
Fitch and roll are classically described by the "hover
cubic, but this generally neglects coupling with the rotor which
can be important. This is easily computed, however, through in-
clusion of the flapping dynamics as described earlier.
The phugoid mode for hover results from the combination of
dihedral and gravity force. Effective dihedral is particularly
apparent in unaggressive sideward flight because the pilot must
continually add lateral control as sideward velocity increases.
7 Forward-Flight Dynamic Modes
In forward flight, the dominant rigid body dynamics of a
helicc, pter resemble those of a conventional fixed-wing airplane
and include short-period, phugoid, dutch roll, and spiral modes.
There is also likely to be significant coupling with flapping
dynamics.
-11-
8. Correct Transition from Hover to Forward Flight
Transition effects are an important part of the piloting
task when accelerating from hover into the forward flight region.
These effects are a combined result of a "dihedral effect"
in the x-axls and the varying rotor downwash effect on the
horizontal tail.
9. Effects of Rotor RPM Variation
Rotor RPM can affect helicopter dynamics in a number of
ways, including thrust, flapping response, and heave damping.
The effects of rotor speeg .... :stlon are tied, hog, ever, t_
the rotor-engine-governor combination. For a number of applica-
tions it may be sufficient to assume a consrant rotor RPM. ThJ_
will be done here.
i0. Cross Coupling
A variety of cross coupling effects can be present in
helicopters. Some of these such as collective-to-yaw coupling
are easy-to-see, first-order phenomena. Th_se are generally in-
herent in the basic dynamics if reasonable first-principles
thrust and rotor models are used.
Other coupling effects may be more subtle or less predict-
able and should be added only where needed or desired by the
simulator user. These can be inserted directly in the equations
of motion as coupling terms arising from both states and control-
s. One should Jistinguish among coupling due to (i) rotor hub
moments, (ii) flapping dynamics, and (iii) dihedral effects.
Cross-coupling occurs naturally when coupled rotor and
hub-moment expressions are included. However, these may no suf-
fice in matching actual cross-coupllng observed in a particular
design. One approach is to begin with decoupled equations then
_ystematically add terms which provide a suitable match. (ThJ_
is demonstrated in the AI09 example in Apper,dix D.
A useful guide to cross-coupling sources is borrowed
Refere-:_ce 7 and shown below in Table 2.
from
i_. Correct Power-Off Glide
Helicopters, like fixed-wing aircraft, need to exhib_it
reasonable performance when power is reduced. This can [,e a
highly com_!ex issue if ring vortex rotor states are zncluded
However, many handling qualities investigations can be ,2ondu.zted
using only the normal thrust model described above but ta_ioring
the fu!i-dowT, c_llective pitch and aerodynamic drag to yield
realistic fo-ward-velocity autorotative glide characteristics.
-12-
'Fable 2.
sponse
Input Axis
L Ong/tu_nal Stick
i
, R'Jo_er
Collect/re
Single-Rotor He]icopter Couplin_. Sources.
_Tch
Prime
( t )Ioc, gttu_t_._l fl_OIrt 0
Oue to lateral stlck
(2) Iongttudmelal flapping
due t_ roll fete
Negligible
I ) Transient IongRuOtnel
flapplng with Io_ f_-'toc
(2) StaeOy Iongttuolnel
flapping _e to c11mlz/
deecentInfocww'O fll_t
o_umcI I_ rotor fl_pI_
(3) PrCh ¢Xmtoche_S
in hor|zontal tall lift
Ro//
(I) lateral fl_plng Q_e to
Iongltua|nel stl¢_
(2) le_mral fl_p_.ng 0us to
pttj_l r_lte
(3) lateral fl_ptng Oue to
f_'tor
Prime
(I) Roil duo total} rotor
thrust
(2) Roll ¢_m to sl¢lmllO
( 1 ) Tr_81_mt l_eral
flapplngwlth load factor
(2) Staeo_ late'al
flapping with climb
c_t
,(3) S_Itp ImJuc_ W
go.or c_nge causes
roll_ todlhe:llral
_w
Negligible
Il) Unclsslr_in l_ov_,
o(o_ I)'I(llr_tional
_Olllty
I (2) _Ir_ f_ turn
oo_r_na(i_
_i_ coc_t-olin
forw_ flight
Climb/De,cent
_ire_l for vertK;al fli_t
_th control in forwerJ
fll_t
De,cent with bank
angle at fix_ power
Ucx_sire_l ck_eto power
Cha_; In hover
I
prlme (hover)
Po_ec change ver 1_
requlremant for tail rotor
Ihtu_,
Prime
(Borrowed from Blake and Alansky, AHS Forum, 1975)
B. Component Build-Up
With a sF.ecif.ication of desired features, essential m,vo'e]
c,-_mpon_-:,nts car, then be chosen. These components cont,._Lt= 1,_r,.
mechanisms which provide forces and moments, power dis_i<,a*_ _,>_,.
nt;_b_.[[ty and control, and rotor dvnamLcs.
Th_ six components are considered necessary to p!-_v::!,_ -:]]
,>f t_e above response features are shown in _imure 2. '{",!I
.] lists these components alon@ with the physic3] feature-:, , :
_:l]' :t] component and the resultin_ response features. [n ef_,_,:'_.
,*.hi.s is a list of qualitative model requirements which form :,
startin8 point for detailed model desiEn. The compon_,nts anl
their phszical elements are described and discussed Jndivldua]'/
be [ow.
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IMain rotor:First-orderflapoing,l
Inub constraints,thrust, lInducedveloclty.
Total
mass
2nd
Intertla.
V-
Vertlcal tall
lift, stall, tall
rotor sldewash
rotor: Thrust l
induced veloclty j
Cockpit: Pilot eye position.
Fuselage: Parasite drag--three axes,1
Wlng: Lift,
rotor downwash.
Horizontal tall: 1
lift, stall, I
rotor downwasn,J
Figure 2. Basic Hellcopter Math Model Components.
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Table 3. Details of Component Build-Up.
Components
I.) Main rotor:
2.) Fuselage:
3.) Tall rotor:
4.) Horizontal tail:
5. ) Wing:
6.) Vertical tail:
Physical features
Thrust
Torque
Induced velocity
Tip path plane lag
Induced power
Profile power
No off-axis
flapping stiffness
Decoupled TPP dynamics
Constant RPM
Mass at C.G.
Moments of inertia
Parasite power
Cross products of
inertia = 0
Tl,rust
Torque
Induced velocity
Induced power
Profile power
Lift / Stall
Exposure to main
rotor induced vel.
Lift / Stall
Induced drag
Induced power
Exposure to main
rotor induced vel.
Lift / Stall
Response features
ist order flap-
ping
Power required
Trim
Phugoid
Short period
Dihedral
Pitch mode
Roll mode
Min x-coupling
Power off glide
Trim
Power required
Min x-coupling
Power off glide
Trim
Power required
Roll mode
Short period
Trim
Pitch mode
Power required
Trim
Power required
Dutch roll
Roll mode
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I. Main rotor
The primary component of this model is the main rotor. It
is the main feature responsible for producing characteristics
unique to a helicopter, in particular, a vertical thrust vector
and an induced-veloclty field. Other key features include rotor
torque, dihedral effect, flapping stiffness (rate damping), and
flapping dynamics (tip-path-plane lag).
The basis for the model used here is primarily the
autogyro theory presented by Glauert in Reference 8 and extended
by Lock in Reference 9. The higher order flapping dynamics as
defined by Chen in Reference 6 are simplified according to the
first-order model developed by C_rtiss and presented in
References 1 and 2.
Thrust and induced velocity are computed assuming a
uniform flow distribution. As described earlier, the tip-path-
plane orientation (flapping angles) are modeled as simple first
order lags giving the main rotor the qualities of a force ac-
tuator with a lag. The tip-path-plane dynamics can be extended
using either a coupled first-order model or a coupled second -
order model based on simplification of Chen's rotor equations in
Reference _.
The main rotor model contributes largely to the power re-
quirement feature of the model. In hover, nearly 80% of total
power is absorbed by the main rotor, and, in forward flight, it
is as much as 60%. In hover, rotor downwash on the fuselage also
contributes to power losses.
Tip path plane and hub moment equations were
rederived in a body-fixed axis system from the equations in
References 3 and 6. This was done in order to avoid the real
time hover simulation problems which can arise from larg_
instantaneous changes in the wind-axls angles for small changes
in body-axis translational velocities.
It is suggested that two major components of cross cou-
pling be avoided until the detailed model matching process is
underway. One of these i_ the off-axis hub moments due to flap-
ping (Lal and Mbl), and the second is the off-axis coupling in
the tip path plane dynamics. It has been found that including
these higher-order effects in a simple model does not automati-
cally produce a high quality match to flight data.
The dihedral effect is included through the variables
dbl/dv and dal/dU which appear in the first order flapping equa-
tions. Values can be can be computed using first.-principle5
factors consisting of thrust coefficient and tip velocity. The
dihedral feature is responsible for the phugoid-like modes in
hover and forward flight,
The portion of Lbl and Mal due to both hinge offset and
rotor spring stiffness are included in a separate parameter,
dL.dAl. Thus, the total flapping stiffness can be directly
varied through this one parameter.
Pitch and roll mode time constants are a function of both
body pitch and roll damping and rotor tip path plane lag. Control
over these time constants can thus be exercised through the flap-
ping lag as well as body aerodynamic damping.
2. Fuselage
The fuselage is represented as a virtual flat plate drag
source having three dimensions. The effective aerodynamic center
can be located at any position in the body reference frame. It
would normally be expected to be near the geometric center.
The fuselage drag model is based on a quadratic
aerodynamlc form originally found in the hydrodynamics text by
Lamb (Referencel0) and used extensively for airship applications
by Monk (Reference II). This form can be easily extended to ac-
count for fuselage assymetries, lifting effects, and lift
gradients.
The simple fuselage aerodynamic form presented here
provides for drag in forward flight which limits maximum
airspeed, drag in sideward flight, and rotor downwash impinging
on the fuselage. All three of these effects are related to power
losses.
3. Tail Rotor
The tail rotor component is modeled in the same manner as
the main rotor except that no flapping degree of freedom is in-
cluded. In effect, only Glauert's equations apply. However
thrust, induced-velocity, and power effects are correctly
modeled. Normal directional control is provided through the tail
rotor collective pitch variation.
4. Horizontal Tail
The horizontal tail is assumed to be primarily a lift
producer, thus only the normal force component is modeled. This
still provides for computation of drag resulting from induced-
lift if that is desired. Finally, the effects of aerodynamic
stall are included. The geometric location of the horizontal
tail in the rotor flow field is used to obtain the local apparent
wind component. The location of the horizontal tail provides ef-
fective static stability and elevator control.
As with the fuselage aerodynamics, a basic quadratic form
is used. Two terms model the effects of camber and circulation
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lift. One additional term and conditional test is included to
model the effect of stall.
5. Wing
The wing component follows the same form as the horizontal
tail. In addition, the induced drag is computed in order to ob--
tain the related power-required component which can be
significant during sustained-g maneuvering.
6-. _er_i_l
except
rotor.
The vertical tail is also similar to the horizontal tail
that it experiences the flow field produced by the tail
C. Definition of Model Equations
Once the various components cf the model are defined, the
equations for all the components must be expressed in a way which
minimizes code and the number of parameters. The following does
so according to the order of the computer program.
i. Main Rotor Thrust and Induced Ve3ocity
The computation of thrust and induced velocity is based on
a classical momentum theory equation, but with a special recur-
sion scheme which yields a very quick convergence. The block
diagram showing the thrust and induced velocity equations is
given in Figure 3.
@c01
al
Figure 3. Main Rotor Thrust and Induced-Veloclty Block Diagram.
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The recursion relationship is based on breaking the
thrust-induced velocity loop at the induced-velocity node and
iterating on a solution for thrust followed by induced-velocity.
This yields a fast convergence with a fixed number of iterations
-about 5 is sufficient.
T : (Wb- vi) 4
vi: F -
where
+ ( is) Ua - bI VWr Wa al+ a
+ 2 R [ Oco I + _ Otwist ]Wb= Wr 3
^2 U2 V2
v = a + a + Wr(Wr- 2vi )
A - _R 2
Once induced velocity for the main rotor has been com-
..... one can compute the longitudinal an, lateral dihedral
effects of the main rotor which are, in turn, dependent on in-
duced velocity:
dbl/dv -- da!/du =
The main rotor parsm6ters needed for these equations are
dmr horizontal distance ef hub from c g
}]mr, hub height above the c. g.
R, rotor radius.
abcR, product of lift slope, number of blades,
radius.
O twist' effective blade twist.
_, main rotor angular rate.
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2. Tail Rotor Thrust and Induced-Velocity
Thrust and induced velocity for the tail rotor is computed
in the same manner as for the main rotor except that no flapping
effects are included.
The parameters which define the tail rotor effects are:
d tr, distance of tail rotor from c. g.
h tr, height of tall rotor above c. g.
Rtr
(abcR)t[ product of lift slope, number of blades, chord,
and radius•
_tr tail rotor angular rate.
3. Fuselage Geometry and Drag
Profile drag forces are computed for the fuselage in the
x--, y-, and z-axes. These drag forces can constitute a sig-
nificant portion of the overall power required and thus must be
computed prior to main rotor torque. The forces az'e computed at
the center of pressure located at the point (X.FUS, Y.FUS, Z.FUS)
relative to the center of gravity.
Fuselage drag forces are computed using a "quadratic
aerodynamic form." In this case forces are expressed as a summa-
tion of terms formed by the product of translational velocity
components in each axis. The constants in each term are the ef--
fective flat plate drag.
Wa : % + v,
x.',;- x'."u .u°2
fu¢ ___ fu_Y,,,o = Y Va" VaV%'
local w-veloclty
dr'a(:jcomponent
slde-force component
downwash componen[
-20 -
Moments due to the drag forces relative to the
gravity are computed.
The parameters required for the fuselage are:
d fus, distance of fuselage a. c. from c. g.
h fus height of fuselage a c from c g
• . , •
X fus, effective flat plate drag in x-axis
UU
yfUS effective flat plate drag in y-axis
%rV
fus
Z
WW
, effective flat plate drag in z-axis
center of
4. Horizontal Tail Geometry and Lift
The horizontal tail is modeled in terms of a quadratic
aerodynamic form for airfoils.
The first step in computing the lift on the horizontai
tail is to determine whether the surface is i_nersed in the rotor
downwash field. This will influence the local vertical velocity
vector.
The next step is to check for aerodynamic stall by compa_
ing the force computed above with the maximum achievable at the
same airspeed.
ht .-_
W o = W o + v,
z" : (z::u°u.+z::uo )
NrO
> _ htZ.,,..U_U,_
local w-velocity
normal for(.e
st_ll cond,tlon
Pitching moment due to the horizontal tail is computed
based on the location of the aerodynamic center relative to the
center of gravity.
The parameters required for horizontal tall effects are:
dh_, distance of horizontal tail from c. g.
h ht, height of horizontal tail from c. g.
Zht , aerodynamic camber effect
UU
Zht , lift slope effect
UW
zh_ , stall effect
mln
5. Wing Geometry and Lift
The wing is treated in the same manner as the horizontal
tail. It is first checked for exposure to main rotor downwash
and then for stall. For the wing, induced drag is computed in
o_'der to determine the power loss due to this effect. Lift and
pitching moment for the wing are also computed.
%q_w _= W a + v,
T (Z oUoUo+
> __ v._Zm,, U,,
local w-velocity
norm. a! force
stall condition
Lh_ power due to the induced drag of the wing is computed
ba.%ed on the product of force and velocity in the x-axis.
The parameters required for wing effects are:
dwng distance of wing from c. g.
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4
Jhwn_ height of wing from c. g.
Zwng, aerodynamic camber effect
UU
Zwng, lift slope effect
UW
Zwn g stall effect
mln
6. Vertical Tail Geometry and Lift
The vertical tail is treated the same as the other liftlng
surfaces except that it is assumed out of main rotor downwash.
vt Ix tr
= V + VMe a i
_4¥._o:_-/_,:u°u..¥:Uovo)
>_ v:ouou°
local v-velocity
normal force
stall condwtlon
The parameters required for vertical tail effects are:
dvt, distance of vertical tail from c. g.
hvt, height of vertical tail from c. g.
yV t
_ U
, aerodynamic camber effect
yVt llft slope effect
UV '
yVt
min ' stall effect
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Total Power Required
Total power ae to the main rotor, tail rotor, wing, and
miscellaneous effects are summed giving the total power out.put by
the e_]gJne.
Tota] p,jwer required = pmr + ptr + plus + pWng + pciimb
F.mr= pmr
induced
?mr
+ profile
+ pmr
accessories
(Note: An estimate of power required for a,::,:_,_
sories can be found in Reference 1 _ .
rinduced: T + v, ].
f,mr /2 f bcR
profile: P D° 4
QR [_R)_ + 4.6 (U _ _ V 1
a
ptr f,tr T . v.induced : .tr
tr
i
pfus I Xfus'U a I + t Yfus" Va I + I Zfus ' PW
a 1
pwng: I xwng'Ua I
?climb= m.g.h
8. Summation of Force and Moment Equations
',"he first order effects of all components are summed _:,
three force equations and three moments equations The fc_rce du.::
re, gravity rotated through theta and phi are also, included }L_re"
Y, :: m g sin _ ÷ X mr * X fus + X wng
Y m g sin ,9 cos /_ . ymr + ytr + yVt
:: -. m g cos _ cv,s _ + Z mr + Z fus + Z ht + gwng
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L = L mr + L fus + L tr
M Mmr ÷ Mfus + Mht
N = Nmr + Ntr + Nvt
The equations of motion are expressed in terms of body
axis accelerations so that they may be directly integrated t<,
yield body velocities.
9. Integration and Axis Transformation
As discussed in Reference 13
numerical integration of states should
mir,imize digital effects.
the algorithm used for
be carefully chosen to
The body accelerations are integrated using a second order
Adams method in order to account partially for the one-frame ho]._
between control (acceleration) input and the integrated velocity
output:
v = v + DT(I 5 a - 0 5 )
n_l n " n " an-i
These body velocities are then converted to earth relative
•velocities using a common Euler angle direction cosine transfor-
mation.
Finally, the earth velocities are integrated to obtain
earth positions using a trapezoidal integration method in order
to account partially for the zero-frame hold between velocity and
the Lntegrated position output_
+ DT(O 5 v + 0 5 vXn+ 1 : xn " n " n- I
-25-
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vI0. Summary of Model Parameters
A summary of all the parameters included in this model are
given below according to each model component. More detailed
definitions are given in Appendix D.
I. Main rotor
FS. HUB
WL. HUB
IS
E. MR
I.B
R. MR
RPM. MR
CDO
A. MR
B. MR
C. MR
TWST. MR
K1
Fuselage station of hub
Water line location of hub
Forward tilt of rotor shaft w.r.t, fuselage
Effective hinge offset
Blade flapping inertia
Radius of main rotor
RPM of main rotor
Blade profile drag coefficient
Blade lift curve slope
Number of blades
Blade chord
Blade twist
Blade pitch-flap coupling proportion
2. Fuselage
FS._U_
WL.FUS
XUU.FUS
YVV.FUS
ZWW.FU9
Fuselage station of fuselage center of pressure
Waterline station of fuselage center of pressure
Aerodynamic quadratic model constant
•3. Tail rotor
FS. TR
WL. TR
R. TR
RPM. TR
A.TR
S<,%. T}_
TWST, Tk
Fuselage station of tail rotor
Waterline station of tail rotor
Radius of tail rotor
RPM of tail rotor
Blade lift curve slope
Tall rotor solidity
Blade twist
4. }lori zonta [ tail
FS. HT
WL. [I']'
LUU. lIT
Z!]W.HT
/.MAX. HT
Fuselage station of horizontal tail
Waterline station of horizon%ai tail
Quadratic max lift coeff of horizontal tail
26-
5. Wing
FS. W_q
WL. WN
ZUU. WN
ZUW. WN
ZMAX. WN
B. WN
Fuselage station of wing
Waterline station of wing
Quadratic max lift coeff of wing
Span
6. Vertical tail
FS.VT
WL.VT
YUU.VT
YUV.VT
YMAX.VT
Fuselage station of vertical tail
Waterline station of vertical tail
Quadratic max lift coeff of vertical tail
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III. Model Matching and Estimation Procedures
In order to demonstrate model matching and estimation pro-
cedures, a model of the Bell AH-1S Cobra is developed. The
actual code for this example version along with a list of symbols
and a table of associated input parameters are presented in
Appendices A, B, and C. An example involving the matching of ac-
tual flight data is presented in Appendix D for the Augusta Model
109 helicopter.
The primary sources which are used in the Cobra example
are the flight manual (Reference 14), a manufacturer's stability
and control package (Reference 15), a volume of Jane's (Reference
16), and a flight dynamics data report (Reference 17). Other
useful references include the USAF Stability and Control Datcom
CReference 18), the U. S. Army Engineering
Design Handbook (Reference 19) and the previously cited
Stepniewski and Keyes reference.
In this section the method is described for determining
the the individual components of the AH-IS and its associated
parameters. There are 44 total parameters needed for this model.
22 of these are simple geometrical variables which can be easily
obtained from scale drawings, from aircraft manuals, or ever, es-
timated from a picture of the aircraft.
A. Mass, Loading, and Geometry Data
A substantial portion of the
directly obtainable geometric data or
data.
data
common
required is either
mass and loading
1. Geometric Data
Geometric parameters are easily obtained from aircraft
drawings or reference literature. Figure 4, taken from the
flight manual, provides a basis for geometric information. Note
that positions of all major components are given relative to t,he
manufacturer's reference system (fuselage stations, waterlines,
and buttlines).
Explicit positions can be obtained for some features suc}_
as main rotor hub position and tail rotor hub. For airfoils it is
generally sufficient to estimate and use the positions for _me-
quarter mean aerodynamic chord. The fuselage aerodynamic center
Js less clearly defined and must be estimated depending upon th,:
shape. Appendages such as tail boom and landing gear _an be c_n
sidered i' estimating the fuselage aerodynamic center.
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TM IN). 1|20-234.10
Iqew* S-I. tteS=WP_S_s O_
-- 6-2
COMPONENT ___ W____
Main rotor hub 200 153
Tail rotor hub 521 i19
Fuselage 200 65
Wing 200 65
_]orizontal tall 400 85
Vertical tail 490 80
Figure 4. Basis for Geometric Data.
_rl 9 -
2. Mass and Loading Data
Values for normal operating _ross weight and center of
gravity are typically obtained from operating manuals. An ex-
ample is shown in Figure 5. Specific choices will depend upon
the general loading condition of interest. Here an intermediate
loading is chosen which also corresponds to other available data.
Inertial data from the Reference 15 stability and control
report are given in Table 4. While these do not correspond ex-
actly to the loading chosen above, they can be easily rescaled by
assuming a constant radius of gyration in each axis.
-30-
ORrGINAL PAGE fS
OF POOR QUALITY
TM 66 1620-234-10
I
Representative
ve|ght and CQ
chosen from
flight manuel
opereti nQ envelope.
(9000 lb, FS 196)
Fiem il.I. Ceme_ of G,awiy L,_,_s Char_ ($he_ 1 of 2)
617
Figure 5. Basis for Loading Data.
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Table 4. Basis for Inertlal Data
o
_o
I
o
Condit ton
(1) Weight Empty
(2) ]Sasic "
(3) Hog
(4) Scout
(5))4ost Forvat(l
(6) Most Aft
Vti_ht
8673.2
950_._
19296.9
._T
TOTAL RELICOPTER MOMENTS OF I_R'Z'ZA ABObT RELICOPTER C.G.
(i..) (i..)
20k 82
193 71
19k 68 '
Pr£nclpal
Moment of Inertia _io
• (Sl._ - Yt ) (Noo. Down
P_ll. P_tc_.___h Ys___w , An?le)
1990._ 10592.7 .8878.2
28_3.0 _3ll5.6" 1126_.0 6 ° 30'
_002.5 13082.3 11930._ 6 ° 37'
6606.2 _91
7k76.8 200 .
70 3195.3 13233.1 11606.7[ 6° 29'
78 2255.5 12_62._ 10_99.5 7 ° 1_
75 2265.6 11881.0 9903,8 t _* 18'
|
3&l
ilJ
I|r
B. Propulsion Data
Required propulsion data include power available for given
operating conditions. These data can be found in Jane's under
the appropriate propulsion system manufacturer as illustrated in
Table 5. The specific information of interest here is the max
imum continuous power rating for the AVCO Lycoming T53-L-703 gas
turbine engine.
Other inform_tion needed consists of an approximate break
down of power, including that due to accessories. Data from the
Stepniewski and Keyes source are given in Table 6. These data
will be used to estimate power losses from the computed power re-
quired by each of the components listed previously.
The basis for torque (power) available under various
operating conditions is given in Figure @. (Percent torque is
assumed equal to percent power for the normal operating rpm, 324
in this case.)
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)Table 5. Basis for Propulsion System Data.
AV¢O LYCOMHVO @All _ ENOINIES
M&nullctul.tr's
and civil
clesqlnatx>n Type *
SIC
T-O l_|i. 8 _1/1; 1;Ul_. Weilh! dr/ _ L_l_h
kN (Ib st) (IWb/hp; _ lailpqx clia ovcndl
or max kW (hp) ?Jb4iAb I,i) Iql (ib) inns (in) mum(in) Rem_ks
T$3138
TS3I?A
T$311A
LTCIK-4K
T5508D
4LTCAB-SD)
LTC4B-12
ALF 101
ALF 502R-3
m
T$3-L- ! 3B
!' T53-L-7O3
TS3-L-70I
YTSS-L-9
TS$-L-7C
TS$-L-I 1A t
ALl: 5021../L-2 --
AC'IF3 1,044 kW (I,400 ,_hp) 98 (0.58) 245 (540) 584 (23) 1,209 (47.6)
ACI_ 1,119 kW 41.500 ,hp) 99-7 4G59) 256 4564) 584 423) 1,20q (47.6)
ACTS 820 kW (I,100 shp) 115 10.68) 225 (496) 584 (23) 1,209 447-6)
ACI_ 1,044 kW 41,400 Mhp) 98 40.$8) 245 (540) _ 584 (23) 1,209 (47-6)
AC'F_' tj106 kW (I,48..5 d:p) 1014 (0.60) 247 (545) 584 (23) 1,209 (476)
ACFS 1,157 kW (1.$50 thp) 98.7 (0.584) 234 4515) 584 (23) 1,209 (47-6)
ACFP 1.082 ekW (I,451 ehp) 101.4 (0-60) 312 (688) 584 423) 1,483 (SS-4
ACFP 1,887 ckW (2,529 ebp) 10,..7 (0.608) 363 (799) 615 (24.2) 1,5_0 (62-2)
ACF3 2,125 kW (2,1_0 Ibp) 101-4 (O-ItO) 267 (590) 613 (24.2) l,118 (44)
ACTS 2,186 kW (2,930 d_p) 100.1 (0-$92) 274 (605) 610 (_4) !,118 (44)
JSll-rllled I0
! ,678 kW (2.2S0 shp) 106-0 (0-628)
AC'FS 2,796 kW (3,'750 :hp) 89-6 (0-53) 322 (710) 615 (24.2) 1,181 (46-5)
ACI_ 3,430 kW (4,600 d_p) 86.2 (0.51) 329 (723) 615 (24.2) 1,118 (44)
ACFF 7.2 kN (i,620 Ib) $10-19 (t0.36) 156 (343) 584 (23) 890 (35)
ACFF 29-8 kN (6,700 Ib) $11-64( $0.411)_5 (1,245) 1,059 (41.7) 1,443 (_.8)
ACFF 33.4 iN (7,500 Ib) $12.1 (I0-428) 590 (1,298) 1,059 (41.7) 1,487 (58.56)
Powers Bell 205A
Based on TS319A
Belt 204B
Advanced UH-IH AH-IG
BeU AH- I _-A_lr_l
BeO XV-15
Gsummar,, OV-ID
hl_r Eufor_r
Boein 8 CH-47B, BcU 214A
Bell 214A, 214B
Boein 8 CH-47
Improved T55-L-I IA
NASA OCGAT
BAe 146
Canm:ls. CL-600 Challcnie*'
*ACF_ - uml plus centri_|d, fTet-_uH_ne sh_; ACFP - tx:M plus cenuilv8.1, bee-tu_oine ixopeltes; ACFF - LI,d plus ceut_ulul, bee-turbine (t_
l'Al_hes to TSS-L-I IA, C " '. D. E " " and 712 • ". tho_ demli_eted " " bavw 8 2'/* mm coetmBenCy rxbn8 o( 3.357 kW (4.500 shp)
Table 6. Assumed Breakdown of Power Absorbtton.
% Total Power % Total Power
in Hover Max Forward
Main rotor induced power 6[, 15
Main rotor profile power 15 50
F,_selage parasite power 5 25
Tail rotor total power i0 5
Misc. and _ccessories 5 5
(NOTE: Power losses due to wing stall shoul4 also De co:_
sJdered where the effect _s suspected to be
significant. It will be neglected Yn this _x-
ample.)
ORtGLNAL [-,'" "-
• , }i
OF POOR .....
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ORIGINAL PAGE
OF POOR QUALiTy
TIM 66,1620-234-10
o
TORQUE AVAILABLE (CONTINUOUS OPERAT)ON) [
|NGIIME DEICE OFF, EC8 OfF
100% nPM Jib-4 FUEL L
10-
I
DATA _ _110
l0 ]O 40 IW IO 1_ 80
4_LIIIIATIlO TQiIOIA - _4G
7.12
FqpmD 7-4. Tm'_A4 Ivl_labl, (¢4m_ OINKS) them (8halm 1 e_ 2)
: !
For se_ level, std da_;
torque is I_mited bU
max ¢onti huou_
opereti n_ condition.
(88 )
Figure 6 Basis for Torque (Power) Limits.
r. Ja _ak,,
Rotor system characteristics consist of geometric,
_l'_.,,lynami c, and operating condition features. Most of the
ge,.,metric data including size and number of blades and hub center
a_'e easily _c'Ind in flight manuals. Operating conditions, name]y
the n_:>rmal operating _'pm, are likewise obtained.
The mein aerodynamic parameters include the effective see
tion lift CL_'ve slope and profile drag coefficient. Commonly
a,_,_epted val_._es of 5.7 and .008, respectively, are _.uffJcient
_t_rt i.ng ,p,>].nt s
The most crucial rotor parameter[{, however.. ,{re tho_e
relating to the effective flapping stiffness or hin6e offs_t.
These data a_e generally found only in man'._fa_.:turers design
r<.ports. Of course in the case of a simple i_eeter._gr rotor the
effective hin_.e offset is zero. Articulated rotor designs are
al.5o fairly easy to represent as long as the geometric hinge of_
fset is known. The most difficult variety to model is th_
hinge]ess rotor since both an effective hinge offset and flapping
spring must be determined.
Useful auxiliary information fo_: modeling the rotor system
i:_ resp_,nse data which provldes direct indication of the unaug--
ment.eci pitch and roll damping.
Aerodynamic: Features
Aside from the rotor system aerodynamics, parameter._ ,,u;_t
be estimated for the airfoil and fuselage components. The tec]t
niques for ,j.¢,jng so are common and require little effort, if
monulacturer's stability and control data are available these
ca[culat i,_ns are _tr_v_al. Otherwise, one ,say, refer to ess!ims,.Lion
_,a_:db,}_-;k._::,uch as the USAF DATCOM (_eference 18).
A_rfoil Lift parameters involve three main features: ,_am
b___ and incidence .cir<'.ulation. lift, and stall. The first tw<_
are highly dependent upon geometry and the third on maximun. Lift
ing performence.
Relationships which are ,_eeded for setting paramet_._r_ in
w-,]ve the quadratic aerodynamic parameters and the more ;o_nm__,_,
n,_n_ dimensional aerodynamic coefficients. These are given b,;l,,w
f,_r use in the e_timation proceduz'es described in Figure '/.
The equations are for the horizontal tail, but the other airfoil
:_urface_ are similar.
E.]timates typical for airfoils;
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Zht sht _LtUU
0
C L is set by both camber and incidcncc
0
of the airfoil.
zht _ _sht cht . 2______
uw L_ ' note that C,_ _" A{+2-_
Zhtmln" = -sht Cht "
max
typical values are 1.5 to 3 depending
upon aspect ratio.
Similarly, fuselage drag estimates can be made for each ef
the three axes using available drag data.
Estimates typical for fuselage drag:
X f'2s- - S fus C
uu m
where S fus is the projected frontal area
and
C D can be estimated using numerous textbook<
tabulations of 3-dimensional drag. This wi [ 1
vary for each axis.
--3_I
i) i
II
WING:
span = 10.75'
chord = 3.0"
area = 32.25 ft 2
aspect ratio = 3
CL=_ 2_/R _ 5/_+2
(based On i = 14",
r,t.o_- 1.2,
assume CLmtx = 2)
HORIZONTAL TAIL:
span = 7'
chord = 225'
area = 16 ft 2
aspect ratio = 3
VERTICAL TAIL:
span = 5'
chord = 5.3'
area = 17 ft 2
aspect ratio = 1.5
CLo_ = 27
(assume CLn_Z- :3)
|-4
IOIel[,_- 19A
FUSELAGE:
assumed drag
coefficients:
front, 02
slde, 20
plan, 07
Figure i BasJ._ for Initial Estimates of Aerodynamic Paramet,_;r:_.
E. Hover Performance
The parameters listed above provide a starting point for
the math model. Additional flight manual and available flight
data will serve to make refinements in model response and perfor-
mance characteristics.
The first adjustment of model parameters can be made based
on the flight manual hover performance as shown in Figure 8.
Here the percent maximum torque is given for a specific hover
condition.
The factors which can be adjusted to achieve a good match
are the power losses due to accessories, downwash on the fuselage
and horizontal airfoils, or main rotor induced velocity factor
(if included).
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(Torque req'd
for OGEhover.
( 1232 hp)
HOVER
ALL CONFIGURATION$ 10(1% RPM
LEVtL SURFACE CALM W_ND
C)
DATA I_|15 C)|RI_[OF_ f_MT TEST
IP_mlFqv_;7.$ Hover ¢h4r_ Ilih4_! 2 ot21
7-17
Figure 9. Basis for Hover Power Required.
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_ F,,,rward Fli_ht Data
Up to this point model adjustments have centered or_ 1.h,?
maih _'otor system since body drag has been low due to the hov<_
c,Jnd_1.[on. With the consideration of forward flight the fu_,ela_e
now plays a ma._or role in limiting maximum speed and climb _.,_'-
The main set of data useful for adjusting fusela_.e dra_<
are given in Figure 9 from the flight manual. Note 1,hat th_
pri.m_ry information is the torque required as a function ,..f
fli_7.ht condition and loading. The two main features on this m],-,t
.?,re the maximum speed at continuous operatin_ torque. _nd I,}I_
to_.'que and speed for level flight at minimum power
A,-lditional information is _iven in Figure ]0 wit}, !}_r
mr_xim,,m rate of climb correspondin_ to an increase in t,,_',aue.
Finally Jn Figure Ii data are ._._.ven for the maxim_m _! _,:]e
and minimum rate of descent. These are useful for settir_ ,_ _.,_,_-
effective full-down collective pitch stop.
-4!
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A._ a final note. the process of tunin_ mode] _,ar._,rn_.t_-._,
:,hould not be done without careful consideration _:_f ai[ _ec.'_,n_._rv
_;ffec_.s. The best _,olicy is to avoid making anythin_ other th,-_,r,
:_[mple direct first-principles corrections. There is ._,v_b._t:-_ntial
r_.-:dundancy in some of the data shown here, and it is not po_._,ibl<:
to achieve perfect matches in all respects. One needs to _.×er-
2ise judgment in the degree of accuracy required as a functi<;n of
t_._,emodel application.
<.._: PC., , _, _, .,.L_i f
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IV. Checkou.t Procedures
A. General
As discussed earlier, mode] complexity can hamper the
tho_'ou_hness of simulator computer program implementation and
checking. However, the model presented here can be fully check_,!
_71ith reasonable effort. This is due to the small number of mode/
,-_onst_nl,s and degrees of freedom, and minima] _rogram branc:h_n_.
T'h,:- recomtne,,ded checkin_ procedure involves the foliowin_ ,_le +
• Use of an independent operating program.
• Verification of trim points,
• Verification of state transitions throu_h n step.<.
• Overlay of time histories.
• Identification of dominant response modes.
Some of these steps are redundent but nevertheless serve
to build confidence in the correctness of the math model im-
plementation at only minimal added cost. The followin_ is a
brief discussion of each elemenL.
f_. Discussion of Checkout Procedure El.ements
I. 7ndeg,_ndent (Jperatin_ Program
As a _euera[ rule, math m_del checkout should b,._ ac-
.._ol)_[olis}_edus]n._, an independent implementation art(] check so1_ e.
F_l,'thermore, not only should an independent program be used h_t
.;,]so an independent c<+mputer.
This math model f,>rm enables the user to devel, op a mal..h
mode/ version on a small desktop microcomputer and run {_,.,znpleb_,
_--,_t,s of check cases well _n advance of using, the simulat,-_r c-ore
put, er facilities,
The specific computer system used to devel<,r, and r_Jn t.tJ].:,
mat_ model consisted of a Compaq 28B deskto_ computer with _40K
w,_rk]ng memory runnin_ Microsoft Basic. Only an interpret_r rood,..'
was u:sed although a Basic compiler is available. The interpreter
permits a highly efficient interaction between the tnodel
developer and the computer system.
D
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2. Trim Point Verification
A check of static trim points gives an initia] indicat, Jon
,.,f c_)rrect model implementation. The full operating enve£ope c;_n
be covered with just a few cases and possible dJscrepencjes i:,o--
fated to airspeed, vertical velocity, or controls. A cur_,,._rv
check of suspected parameters or component equations can usu,=_llv
lead to simple corrections. Trim solutions should be corr,._:t
prior to proceding to the next item.
A sample of the trim solution printout is given in Figure
[2. This same format is displayed during the trimming process
so that one can observe whether there are difficulties in ]terat-
in_ on a solution.
T.R 1M C AL CU L A T IONS
Poor: 1.05E+O0
Qdot = -1.44E-01
R_ot: 3.2BE-03
UOot = -4.GGE-02
Voot = -3.B7E-02
Wdot= 1.41E-03
alOot=-6.01E-02
bldot= g.BOE-02
Q = I,Z4E+04
Vi = 35.8
Vi.tr= 47.9
VB(I)= O.OOE+O0
VB(2)= O.OOE+O0
VBI3)= O.OOE+O0
OC : 15.7
al : 1.3
bl : -2,t
DTR = 1,02E+OI
Theta: -1.3
Phi : -I.?2E+O0
BI = -l.30E+O0
AI = -2.05E+00
HP = 973
Thrust: _256
T.tr : 618
Xdot = O.OOE+O0
Hdot = 0.0
Gamma= u.OOE+O0
VT : 0,0
Hit (g)to freezetr,m anvhme
Trlmmed: Hit PRTSCto male harO copy
H_t REIURNto conhnue
HEFHEL2: FULL UTILITYVERSION
CONFIGURATION:102 AH-IG
05-25-1987 16:09:55
Figure 13. Samp]e, of Trlm Point l'rlntout.
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3. State Transition Verification
Given that static solutions are valid, the dynami<:
t'esponse characteristics should be examined next. Correct oDeL'a-
1.ion is indicated by tracking several discrete state variable
transitions and comparing with independently obtained check
values. This is made feasible by restricting the number of de
grees of freedom and levels of numerical integration. For
examp]e, only about six transitions for each control variab]e a_-_,
n_e,le,1 to e×cite each term in the model equations.
1_ order to thoroughly check state t, ransttions, _ tr_t..]_-
,,ver[._v is re_ommended. This is accomplished by du_licatin_ t,h,,
;;t,al,e t_'ansition printout format of the checkout c.omDutet- w-_1,h
that, of the simulator computer. The ori_inal ,_,hecks , _ be
pr[nted on l_ransparencies then directly over ]aid with t}L_
,_ i.mu 1_,_t,o r printout.
Examples of the state transition checks are giv._.n in T_}_],:
ORIGINAL PAGE IS
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7, Sample of State Tz,ansition Checks.
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Table ?, Concluded.
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4. Time History Overlays
In theory the combination of static and state transition
checks should be sufficient to demonstrate agreement with the in
dependent model implementation. Howeverg additional confidence
is gained by selecting several time history cases to overlay.
These can be supplemented by checking dominant response modes
based on transfer function solutions from the original independ-
ent check model.
Useful time histories to consider are angular rates for
both on- and off-axes for a given control input. This check_,
both the dominant response modes and the amount of off-axis cross
coupling. Examples are s}_own in Figure 13 corresponding t,, _i_--
previous check information.
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5. Dominant ],:e,sponse Identification
It is also useful to supp]ement the above checks wit}_ a
compa_'ison of identified dominant response features from t.h,_
simulator _:omputer with those features observed r,r computed I r,_m
the %1_deDendent checkout version. This is Da_'ticul,_rLv imD<,_'t:_r_t.
f,_,r handling Qualities investigations.
Dominant modes are examined bv exciting an axis wit}] the:
,=orresportding direct control and scal.Sn_ the appropriate f!_-st--
_" .__econ_-order response features from the respective motiort
tl'aces. The on-ax_s traces presented earlier in Figure 13 serve
r,}tis purpose for extracting short-term pitch respo1Jse, informa-
L -i0 D..
P
V. Model Extensions and Refinements
The example which has been presented above can be modified
in a number of ways in order to address specific simulation
needs. The above math model can be either simplified or made
more sophisticated. The following is a discussion of some pos-
sible extensions and refinements.
A. Flight Control System
There is no flight control system included in the above
model other than conventional aerodynamic interfaces such a_
cyclic, collective, and tail rotor controls. Addition ef a
flight control system requires definition of relationships be-
tween the cockpit, manipulator and the above aerodynamic contro]s
plus any stability and control augmentation systems.
As with the basic airframe math model, definition of
flight controls can be done with a wide range of commutatiw_a[
<:<,mplexJty. However the same considerations can be aDD] G_:+d Jn
order to match the level of complexity with user t_t.tl.it,v. +T't_
main au_.stion is to what, de_ree can the simulator DJ]ot c)bserve
o[" be influenced by math model intricacies.
B. Engine Governor
This aspect of the helicopter math model can be immortant
for tasks involving maneuvering or aggressive cc,ntro[ of co] l_c-
tire pitch.
The above math mode], is designed to accomodate art en_:ine--
_overnor system since rotor speed is explicit in the equat]ol_s.
It+ is necessary only to add appropriate engine governr, r e:quations
of tm)_ion prior to computation of the main rotor thrust.
In general, only a second-order engine governor response
is re<_u[r_.d in order to handle the effective sprin_-mass-damper
action of the main rotor combined with the propulsion system an,]
governor control laws. An adequate model i s descr [bed _ rl
!_,_f eren(:e 20,
C. i]rout,d Effect
The modeling of ground effec_t can be important f,>r tasl',:_
it_v,_[v[ng hover under marginal performance cortd[tt,_s. Aa_it_.
the <:om_utati(,nal comp]exity of such models can vary wi,Jelv.
it is recommends.<-] that, as a first, cut. gr_,_nd effect be
n,_,_t_-_]_:,l _._', art irt,dt_<.ed-veJoc_ty efficiency factor whic}L _,r_marilv
,ff.:_:',.:_ t}_ + t.hr'_st and !a_,wer required to hover. '['hi_ +:ffi,.'i_+_,,-'v
fr, cl.,-,r can b_ ad_quat.e]y modeled as an expor, entia] fur_ct, iort _.,f
alt. itu,ie. Tile exponential scale height and magnitude is easily
quantified from the f][ght manual hover performance shown earJie_
in Figure 8.
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For certain vertical response applications it may t_- ira
L_ortant to model the effective lag in thrust due to a coLlec,,,jw:
_:_itch change. This is typically a first-order lag in t_e ran_:e
of l(i to 15 rad/sec and varies with the sign of the c,>[[_,-:t_v_,
pitch change.
This effect can be modeled by setting a fJrst.-c,rder ]:_, ,,r,
the _:._t,.'ul.'_tiort of thrust and induced velocity. Refere._c:e ;::1 .'.'_t_
I>,, ,-,,nsulted for guidance in settin_ values. Other forces ,:,r_,]
m,,me_t.s ,_n also be affected by dynamic inf/.ow as de_:crit,,:,t i_
O C,R__f,.:rence _,.
E ftigher--Order Flapping, Coning, and Lead-Lag Dynamics
[ligher order rotor svstem dynamics may be of intere__t wh,-z_
examining fli_.ht control system schemes or certain vibrational
effects. However the modes can easily be outside the comDut,_
tional ability of the simulator or hiKhly distorted by the moti,,n
system. Thus is crucial for the modeler to analyze computation._l
requirements relative to capabilities.
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APPENDIX A
BASIC PRO6RAMLIBTINGOFMATHMODEL
I ¢2,,_
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:720
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17._(,
i,, .{.'
:_IC,
1370
.74,?
!9_0
:9_9
VT,_N,FPS = ABS(XDOT/CDSiGAM_A.RAO)}
?T : VS,_N,FPS/FPS.PER.KNOT
VT._,_PS._QUASEO= VLIN.FPS _
O_EZ_,TR = RPM,TR_ZtPI/60
F_,TR= CD_R,TR_B,TR*C,TR
_F.L_SS: 90
9TR_ = 50 :' soeedfor transitionfrom dihedralwake lunctim
TEMP,_T!D=I!- L_PSE,RT*H
;_ES3,RAT]O= TEMP,RATID*TEMP,EXP
_ENS._TIO = PREBS,RATIO/TEMP,RATIO
RO = _ENS,RATIO*RHO,BEA,LEVEL: R2:ROI2
_.aw. 16 : RO_A,HR_C,MR_R,MR^4/I,B_OMEBA,_RII6i(I+BI3*E,_R/R,MR)
KC = i ,75*D_EBA,MR_E,MRIR,_I BA_,OM,16) + KI:' _laDpingaero cpl
IT_2.0_= O_EGA.MRII_+iOMEGA.MR/GAM.OM,I_)^2) :' _lappingx-cpl_oef
_TB = _TS2.OM*O_E_A.MRIGA_.OM.16 :' flappingprimaryresp
3L,_BI= B.MR/2*(!,5*Z,B*E,MRIR,MR_O_ESA,_R*OMEGA,MR):' _rimarv flappingstiffnes_
_L,DAI=P2*A,_R_.MR*C.MB*R,MRIV.TIP*V,TIP*E.MR/_:'crossflappingstiffness
CT=WTI(_O*PI*R,M_R.HRtV.TIP*V.TIP) :' thrustcoefficient
_,$1_=_,_R*_,MR_.MR/R,MR/PI :' a x sigma
_!DV=2/OMEGA,HR/R,_R*(B*CT/A.SIBMA÷(SQR(CT/2))):'TPP dihedraleffect
CAI_!_:-O_:DV :' TPP oltchu_with speed
-I,q_B= CWL,HUB-WL,CB)/12
!a.FlJS= !NL,FUS-WL,CG)!12
_.WN = _WL.WN-WL,CG)/12
H,HT = CWL,H_ -WL,CG}/12
:'.VT= !_L.VT-WL.CG)/12
H.T_ = !WL,TR-WL.CG)iI2
: D,HUB: (FS.HUB-FS.CB)/I2:' hub re cg
: D.FUS: (FS.FUS-FS.CG)/12:' _uselag_re [g
: O,WN : _FS.WN-FS.CG)/12:'w;ng re cO
: O,HT = (FS,HT-FS,CG)/12:' horl/onta_taii re cg
: D.VT = (FS.VI-FS.CG)/12:' verticalfin re cg
: O.TR : (FS.TR-FS.CB)/12:'tail rotor re cg
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t It
' _Iti+_4_l_l,_tl_il_illlllllillltillllllllilllllllllllllllllllHtllllll!
Z','ii_tq_E: n,ma¢_cs subroutine
_,_|_i,ill_ll!llllSillllIlllSlllillllllelllllllllillllllllllllll!
,_**_+**_,_****Preliainar_ calculations ,l,_,e**_ll***
C4 = CB_<XE_4!I: 5_ = SIN(lEt4)):' evaluateEuleran_le tri_ {ns
C_ = C_S(XZ(_)): S_ = SI_(XE(5))
VA',I:=V.R(!)
VC.(3I=VE-3)
V_,{47,=VB(t}
:' -(VB(1)*CD :' evaluaterelative
:' -iVB(2)*C6-VB(II_S6)
:' -<VGI_)_CS+VG(1)*S_I
:* -VG(4)
airmass velocities
.'T;,:%:_:!V_,{I)*VACII+VA(2)*VA(2)*VA(3)_V_(3)
....M- !2!a :_,,-_V(8)-_C +KC*BV(7)+DBIDV*VA(2)
_._O_=GVi7)+DC(3)-KC*GV(B)+D_I_U+VA(I}
:' bl - At + e.al + dblldv.V
:' al + B! - e.bl + dalldu.U
_:,17)=- ITB*B.SUM- ITB2.0M_A.SUM-VA(5) :' a!.dot
G_!tB}=- ITD_._UM + ITB2.0M*B.SUM- V_=4) :' hi.Cot
Gv,T)=G_'(7,+ ST*I_2*BBIT)+ B2*AF'(7)) =' al updated
C,V(_i=_V{E:,.+ ST*IA2*GR(8)+ B_*AP_8) : bl updated
A;'7)=GF:(7>: AF(B)=BR(_! :' save pastvalues
**=******_**** Main Rotor thrust and induced velocity **_eHe**m,m,
WR : VAi3)+ (S'?(7}- ID*VA(I) - GV(BI*VA(2) :' z-axisvel re rotorplane
_ WR .._,,_.OM._A,MRaR._R.(DC(I)+ .75*TWST,_R):'z-axisre! re blade
r_C, ,. '
_.,, Z=l _e,5 : iterative solution of thrust and induced vel
VH4T.2=VAtl)_2+ VA(2)^2+ WR_(WR-2*VI.MR)
vI._R._'=SQ_((VHAT,212)*(VH_T.212)+{THRU_T.MRI2!(RHO_PIsR,MR^2))^2)- VHAT,2/2
VI,MR=BD(ABS!VI.MR.2I) :'main rotor inducedvelocity
_EXT i
W_._U_= V_!D - VI.M_ :' includerotordownwashon fuselage
D.FW=;V_!I,'(-_Q._US)*(H.HU_-H.FUD)-( _.FUS-D.HUBI:' oos o_ downwashon _us
,,.FU_= RZ + kUU.FU5* ABS(VA(1)I* VA(ll :
7,PUS = 22 * YVV,FU_* ABS(V_!2))_ V_(2) :
_,m " "
' draq {orce
' s|de-force
' heave_orce
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M.FL'C= Z.FUS*I}.FW- X.FUS*H.FUS
:,:_DUCED,MR= THRUST.MR* VI,MR
P,CE.[h?= WT*HODT
:,PaRAS;_'Z= - X.FUS*VA(1)- Y.FUB*VA(2)- I.FUS*WA.FU8
F.;_OF!LE.MR= _2*(FR.MR/4)_OMEBA.MR*R.MR*(OMEGA._2*R.MR^2*
4._*iVA(!)I'¢a(1)+VA(2)_VA(2)))
POaZR.MF:= P.INDUCE_.MR+ P.CLIMB+ P.PARASITE+ P.PROFILE.MR
P]aE_.;DTDR._= P.INDUCED.MR+ P.PRDFILE.MR
"Z:,ER._US= P.P_RASITE
"3R_E.MR = FOWE_.BR/OMEBA._R
Co,_cutemaln rotor _orce and momentcomponents.
*.H_: -THRUST.MR* (BV(7)-IS)
Y._R = THRUST._R* GV(8)
k._a = Y._R*H.HUB+ DL.DBI*SV(B)+ DL.DAI*{BVI?)+DC(_)- KI*GV{B))
_.MP = Z,_R*D.HUB- I.MR*H.HUB+ DL.DBI*BV(7)+DL.DAI*I-BV(B)+DC(2)- KI_GV(7):.
_,_ = TORQUE.MR
**********_*_*TailRotorthrustand induceovelocity **_H*÷.H***
VR.T_=-(VA(2) - VA,TS)*D.IR+ VA(4)*H.YR) :'velocityrelativeto rotorplane
V_.TP= V_'.TR+2/3_DMEBA.TR*R.TR*(DC($)+TWST.TR*.7_):' velocityrelatlveto blade
FOR I=l TO 5 "' iterateon thrust and inducedvelocity
THRUST.TR=(Vt'.TR-VI.TR)*DMEGA.TR_R.TR*RHO*A,TR*SOL.TR*PI*R.TR*R.TR!4
VHAT,_-..-(V_(3:,+VA(5)*D.TR)'2+ VAil_'_,, + VR.TR*IVR.TR-2*VI.TR_
VI.TR.2=S_F:i{VH;!T.2/2)*(VHAT.212)+(THRUST.TR!2/(RHO*PI*R.TR^2))"2) - VHAT.2/2
VI.TR=SQR(A_S(VI.TR.2))
POWER.TR= IHRUBT.T_*VI.T_
;,T_ = THRUST.T_
.,T_= Y,TR*H,TR
N,'_ =-v.TR,D.TR
_.D;:(VAI!_(V!.M_-VA_3)*(H.HUB-H.HT))-( D.HT-D.HUB-R.MR):' dnwshimoingeson tail?
_PE._T=._*(I*SBN(D._W)) :' uniformdownwalhfield
:F D.Da;,OAND D.DWIR._R!THE_EPB.HT=2*!I-D,OW/R.MR)ELSE EPB.HT=O:' trian_Irdnwsh
_Q.HT : VA(3)- EPE.Hr.VI._R+ D.HT*VA(5): !Realz-velat h.t.
'¢TA.HT=_R(VA(1)*VA(!!+VA(2)*VA(2)+W_.HT*WA.HTi
7.HT=R2*cZUU.HT*_BS(VA(i})*,'A(1)+ ZUW.HT*ABS(VA(II)*WA.HT):' circulationlifton n.t.
IF ABSCW_.HT).3*_BS(VA(I:,)THEN Z.HT:R21ZMAX.HT*ABB(VTA.HT)*WA.HT:' surfacestalled?
HT : Z,HT*D._r :' oit:hinomoment
+_**+*;#****i#tt;t#ttt;ttt Win(].tltt;etttlil tlllttl*ttttii*titttt#!
;.OC'
-'M'
"t,? _ L'
aC-c:
~ .
'3"7
4_.90
26
_-- >
'-7_>
4,10_
c:<y)
:__49
;_-:5C
"9C,,
WA.WN= VAi3) -V!.MR :' local z-vel at wing
VTA.WN=SQ_IVA(1)*VA(I!+WA.WNoWA.WN)
Z._N=_2*(ZUU.WN*VA(1)*VA(I) + ZUW.NN*VA(I)*WA.NN) :' normal force
X.Wq=R2/Pl/VTA.WN/VTA.NN*(ZUU.WN*VA(1),VA(1)+ZUW.WN,VA(1),WA.WN_2
'rA_51W_.WNiT.3*ABS(VA(I) THEN Z.WN=R2*ZMAX.WN*ABS(VTA.WN),WA.WN:'
PC_E_= POWER.Mq+ POWER.T_+ POWER.WN+ HP.LOSS*550
***********************Verticalta_l ****{***H*H****HH*******#
Computeaerodynamicforceson verticaltail
V_.OT="_(2-'!I.TR-D.VT*VA(6)
VT_.VT=E_R(V_(!i*VA(1)+VA.VT*V_.VT;
IFABS'VA.VT)',3*ABS(VA(!
L.V_ = Y.VT*H.VT
_,';T= -¥,VT*D.VT
**+*****_*******Generalforceeouations
X.E_AV= -M*GRAV*S5
:.oF_V= M*GRAV*S4*C5
Z.3RAY= M*SRAV*C5*C4
*VAIt7+ YUV.VT*ABS(VA(1))*VA.VT)
) THEN Y.VT=R2*YMAX.VT*ABS(VTA.VT)*VA.VT
**************************
: gravityforces
_C,
mr_ C t _ j ,-,. , = X.BR,qV+ X,MR * X.FUS
a950 r_2' = _',G,_'AV+ f.MR + y.rUS+ Y,TR
_%0 F(Z = Z.GR_V+ Z.MR + Z.FUS+
a970 F(41,= ' L.MR + L.FUS+ L.TR
4-_:_ F,5: = ÷ M.MR + M.FUS
459C F(._ = + N.M_ + N.TR
_ .- - : l ll l l
5010 '_7; = G_ 7;'/ITB
,_,' = SRIS>/ITB
_..v _ra,ityI M,R. I FUS, I T,R '_H.T, I WING I V.T. I comoonent
::?l" i ...... I .................. i ....... ', ........ . ..... ' .........
I : t I
5 l_ 4 () f
_- '_5¢"_
5'7 C
5' "0
_.I20
¢i"
o'_ u("
+ X,NN
+ Z.HT+ Z.WN
+ M.HT
t
: X-force
* Y.VT : Y-force
: Z-force
+ L,VT : L-moment
: M-momert
+ N.VT : N-moment
" pitchfla_
: roll flao
................................................ ...... ' .......... {
IF CHECK=OTHENGOSUB 7790 " fill_orce componentarray
Bod, _ccelerations
:' inouceddrao
surfacestalleo?
:' surfacestalled?
ABI:)= - (VB(S!*VB(Z)-VB(6)*VB(2))+ F'I)IM
AB(21= {VB(¢I*VB(3)-VBII),VB(6))+ F(2IlM
AS(3': (VB(1)*VB(5)-VB(4)*VB(21)+ FI')IM
A9(4)= F(4),'II
PBCI = F'5:'!Y- VB(4i_vB(6)*(IX-IZ)!IY+ (VB(6)*VBI6)-VB(4).VB(4_!,IXZ/Iy ORIGIN_L FA_: "-;
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kBi6)= F6)/12 + IXZ_AB(4)/IZ
.....ra.= Bo_vA:c_!eratlons
cO_ I_ = ! TO 6
VS:!%i _ '4_(1%)+ ST _ (AI _ AS(IX)+ BIt AP(IX))
_,P(!_)= ABi!%) : REN SAVE ACCELPASTVALUES
%X" [_
Tranz!or_to earth (A/Cre! to deck)velocities
VE!I}= (VB(1)m C5 + VB(D * $5) _ C4 * COS (XE(6))
VE(2)= VB(2}_COS(XE(6)_+VB(1)* BIN (XE(6))
VEC4; = U)(4)+ (US(5), S4 + V_(8)* C4) 4 TANIXE(5))
UE(_)= VEtCh)* C4 - VB(6)* S_
VEcS)= (VB!_)) C4 • US(5)) $4) I C5
:zt_:r_teearth (_/C rel_tiveto deck)velo_itie_
F_C !:t_ ! TC 6
)CE_ZZ)= XE!I%)+ ST * (A2 * VE(!%)+ B2 _ VP(IX))
YF<_) = VE(!X) : RE) SAVEVEL PAST VALUES
_E.T_It
_!_E:T!ME+ST
IFCHZCF=ITHEN IF CHECK.LDOP_CHECK.LDOP.MAXTHEN GOTD 3520
!r CHECK=ITHENGDSUBBB_()
RETJRh
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APPENDIX B
D]_INITIOHOF _BYIgOLS
A1
A2
AB(i)
AB(t)
AB(2)
AB(3)
AB(4)
AB(5)
AB(6)
AB(7)
AB(8)
AP(£)
A.SIGMA
B1
B2
C4
C5
C6
CT
DAIDU
DBIDV
DC(£)
DC(1)
DC(2)
Numerical integration constant (Adams-two = 1.5).
Numerical intelration conBtant (trapezoidal = 0.5).
Body-axis acceleration vector.
Body x-axis acceleration (U) component (ft/sec2).
Body y-axls acceleration (V) component (ft/sec2).
Body z-axis acceleration (W) component (ft/sec2).
2
Body roll axis acceleration (P) component (ft/sec).
Body pitch axis acceleration (Q) component (ft/sec2).
Body yaw axis acceleration (R) component (ft/sec2).
Lateral tip-path-plane angular rate (b I ) (tad).
Longitudinal tip-path-plane angular rate (a 1) (tad).
Fast value of AB(i).
Product of lift-curve-slope and solidity.
Numerical integration constant, 1-A1.
Numerical integration constant, I-A2.
Cos[XE(4)] or Cos of roll Euler angle.
Cos[XE(5)] or Cos of pitch Euler angle.
Cos[XE(6)] or Cos of yaw Euler angle.
Thrust coefficient.
Partial of longitudinal
(rad/ft/sec).
Partial of lateral
(rad/ft/sec).
Control vector.
Main rotor collective pitch angle (rad).
Pitch control, B I, (tad).
flapping to forward velocity
flapping to side velocity
B-I
P
DC(3) Roll control, A I, (rad).
DC(4) Tail rotor collective pitch angle (tad).
DENS.RATIO Density ratio.
D.FUS Fuselage horizontal position of aerodynamic center
(ft).
D.FW Position of downwash on fuselage (it).
D.HT Horizontal tall aerodynamic center relative to c. g.
(it).
D.HUB Hub horizontal position relative to c. g. (it).
DL.DBI Direct flapping stiffness (rad/sec2).
DL.DAI Off-axls flapping stiffness (rad/sec2).
D. TR Tail rotor horizontal position (it).
EPS.HT Downwash field on horizontal tail relative to induced
velocity.
F(i) Force and moment vector.
F(1) Total x-force component (Ib).
F(2) Total y-force component (ib).
F(3) Total z-force component (ib).
F(4) Total rolling moment component (ft-lb).
F(5) Total pitching moment component (ft-lb).
F(6) Total yawing moment component (ft-lb).
F(7) Pitch axis flapping angle, aI , (tad).
F(8) Roll axis flapping angle, bl, (tad).
FR.MR Effective frontal area of main rotor (it2).
FR.TR Effective frontal area of tail rotor (it2).
GAM.OM.16 One-sixteenth the product of Lock Number and rotor
angular rate (rad/sec).
GV(7)
GV(8)
H.FUS
H. HUB
H. TR
Longitudinal tip-path-plane angular rate (rad/sec).
Lateral tip-path-plane angular rate (rad/sec).
Fuselage vertical position of aerodynamic center
relative to c. g. (ft).
Hub vertical position relative to c. g. (ft).
Tall rotor vertical position relative to c. g. (it).
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HP.LOSS
IS
ITB
ITB2. OM
KC
KIND
L. FUS
L.MR
L. TR
L.VT
M
M. FUS
M. HT
M.MR
M.WN
N. FUS
N.MR
N. TR
N. VT
OMEGA. MR
OMEGA. TR
P. CLIMB
Net power loss due to transmission, accessories, etc.
(hp).
Main rotor shaft incidence (rad).
Inverse tip-path-plane lab (rad/sec).
ITB squared over OMEGA.MR (rad/sec).
Flapping coupling factor.
Induced velocity factor.
Fuselage aerodynamic rolling moment (ft-lb).
Main rotor rolling moment (ft-lb).
Tail rotor rolling moment (ft-lb).
Vertical tall rolling moment (ft-lb).
Vehicle mass (slug).
Fuselage aerodynamic pitching moment (ft-lb).
Horizontal tail pitching moment (ft-lb).
Main rotor pitching moment (ft-lb).
Wing pitching moment (ft-lb).
Fuselage aerodynamic yawing moment (ft-lb).
Main rotor yawing moment or torque (ft-lb).
Tail rotor yawing moment (ft-lb).
Vertical tail yawing moment (ft-lb).
Main rotor angular velocity (rad/sec).
Tail rotor ansular velocity (rad/sec).
Power loss due to change in potential energy (it-
P.INDUCED.MR
P. INDUCED.TR
P.PARASITE
P.PROFILE.MR
POWER.FUS
POWER.MR
Ib/sec).
Power
Ib/sec)
Power
ib/sec)
Power
ib/sec)
Power
Ib/sec)
Power
Ib/sec)
Power
Ib/sec)
loss due to main rotor induced velocity (it-
loss due to tail rotor induced velocity (f%-
loss due to fuselage parasite drag (it-
loss due %o main rotor profile drag (it-
loss from fuselage aerodynamic drag (it-
loss from main rotor and fuselage (ft-
POWER.TR Power loss from tail rotor (ft-lb/sec).
POWER.WN Power loss from wing induced drag (ft-lb/sec).
POWER.ROTOR.MR Power loss from main rotor (ft-lb/sec).
PRESS.RATIO Pressure ratio.
R2 One half RHO.
R_O Air density (slug/ft2).
R.MR Main rotor radius (ft).
R.TR Tail rotor radius (ft).
$4 Sin of roll Euler angle.
$5 Sin of pitch Euler angle.
$6 Sin of heading angle.
ST Numerical integration step size (sec),
TEMP.RATIO Temperature ratio.
TWST.MR Main rotor twist (tad).
TWST.TR Tail rotor twist (rad),
THRUST.MR Main rotor thrust (ib).
THRUST.TR Tail rotor thrust (Ib).
TIME Present time (sec),
TORQUE.MR Main rotor torque (ft-lb).
VA(1)
VA(2)
VA(3)
VA(4)
VA(5)
VA(6)
VB(1)
VB(2)
VB(3)
VB(4)
VB(5)
VB(6)
VE(1)
X-axis velocity relative to airmass (ft/sec).
Y-axls velocity relative to alrmass (ft/sec).
Z-axis velocity relative to airmass (ft/sec).
Roll-axis angular velocity relative to
(rad/sec).
Fitch-axis angular velocity relative to
(rad/sec).
Yaw-axis angular velocity relative to
(rad/sec).
X-axis inertial velocity (ft/sec).
Y-axls inertial velocity (ft/sec).
Z-axis inertial velocity (ft/sec).
Roll-axis inertial angular velocity (rad/sec).
Fitch-axis inertial angular velocity (rad/sec).
Yaw-axis inertial angular velocity (rad/sed).
X-axis velocity relative to earth (ft/sec).
airmass
airmass
airmass
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VE(2)
VE(3)
rE(4)
VE(5)
rE(e)
VG(1)
VG(2)
VG(3)
VG(4)
vG(5)
vG(6)
VP.AT.2
VI.MR
VI.MR.2
VI.TR
VI,TR.2
vP(i)
VR.TR
VB.TR
VT
Y-axis velocity relative to earth (ft/sec).
Z-axls velocity relative to earth (ft/sec).
Roll-axis Euler angle rate (rad/sec).
Pitch-axis Euler angle rate (rad/sec).
Yaw-axis Euler angle rate (rad/sec).
X-gust component (ft/sec).
Y-gust component (ft/sec).
Z-gust component (ft/sec).
Inertial roll gust (rad/sec).
Inertial pitch-gust (rad/sec).
Inertial yaw-gust (rad/sec).
Intermediate variable in thrust calculations (ft_sec2).
Main rotor induced velocity (ft/sec).
VI.MR squared.
Tail rotor induced velocity (ft/sec).
VI.TR squared.
Past value of VE(i).
Net vertical velocity relative to tail rotor blade
(ft/sec).
Net vertical velocity through tail rotor actuator disk
(ft/sec).
Total airspeed (kt).
VT.IN.FPS Total airspeed (ft/sec).
VTA
V.TIP
WA.FUS
WB
WR
WT
XE(1)
XE(2)
XE(3)
XE(4)
XE(5)
XECB)
Total airspeed (ft/sec).
Main rotor tip speed (ft/sec).
Apparent vertical velocity on fuselage (ft/sec).
Net vertical velocity relative to rotor blade (ft/sec).
Net vertical velocity through actuator disk (ft/sec).
Gross weight (ib).
X-axis position (ft).
Y-axis position (ft).
Z-axls position (ft).
Roll Euler _.ngle (rad).
Pitch Euler angle (rad).
Heading Euler angle (tad).
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X. FUS
X. GRAV
X.MR
X. HT
X.WN
XUU. FUS
Y. FUS
Y. GRAV
YMIN. VT
Y.MR
Y. TRT
YUU. VT
YUV. VT
Y. VT
YVV. FUS
ZMIN. HT
ZMIN. WN
Z. FUS
Z. GRAV
Z. HT
ZUU. HT
ZUU. WN
ZUW. HT
ZUW. WN
ZWW. FUS
Fuselage x-force (ib).
Gravity x-force (ib).
Main rotor x-force (ib).
Horizontal tail x-force (ib).
Wing x-force (ib).
Fuselage parasite drag force (ft2).
Fuselage y-force (lb).
Gravity y-force (ib).
2
Vertical tail stall factor (ft).
Main rotor y-force (ib).
Tail rotor y-force (Ib).
Vertical tail profile drag factor (ft2).
Vertical tail circulation llft factor (ft2).
Vertical tall y-force (ib).
Fuselage sideward drag factor (ft2).
Horizontal tail stall factor (ft2).
2
Wing stall factor (ft).
Fuselage z-force (lb).
Gravity z-force (ib).
Horizontal tail z-force (Ib).
Horizontal tail profile drag factor (ft2).
Wing profile drag factor (ft2).
Horizontal tall circulation lift factor (ft2).
2
Wing circulation lift factor (ft).
Fuselage quadratic drag coefficient along z-axis (ft2).
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APPE_IX C
DEFINITION OF PIEXIRAM IIBPgT FILE
J
The following describes the input format needed to define
the math model for a specific helicopter. The specific values
given correspond to the AH-1S example. Individual entries are
discussed in detail in Appendix D.
* DATA FILE FOR THE AH-S HELICOPTER PARAMETERS *
* i
(CONFIGURATION, AIRCRAFT NAME, FS.CG, WL.CG, WT, IX, IY, IZ. IXZ)
"AH-IS" 196 75 9000, 2593,14320,12330, 0102, , , ,
(FS.HUB, WL.HUB, IS, E.MR, I.B, R.MR, A.MR, RPM.MR, COO, B.MR, C.MR,TWST.MR, KI>
. _ 25, t75 0200 , 153 , 0 , 0 , 1382, 22, 6 , 324, 0.010, ?, . -. ,
(FS.FUS, WL.FUS, XUU.FUS, YVV.FUS, ZWW.FUS)
200, 65, -30 , -275, -41
(FS.WN, WL.WN, ZUU.WN, ZUW. WN, ZMAX.WN, B.WN)
200, 65 , -39 , -161, -65, 10.75
(FS.HT, WL.HT, ZUU.HT, ZUW. HT, ZMA_.HT)
400, 65, 0 , -80, -32
(FS.VT, WL.VT, YUU.VT, YUV. VT, YMAX,VT)
490, 80, 0 , -62, -50
_FS.TR, WL.TR, R.TR, A.TR, SOL.TR, RPM.TR, TWST.TR)
521.5, 119, 4.25, 6, .I05, 1660, 0
C-I
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APPENDIX D
MATH MODEL MATCHING PROCESS FOR AUGUSTA A109 II HELICOPTElt
This appendix describes a minimum-complexity math mode/
version of the Augusta AI09 II helicopter based on available
flight data and flight manual information. The data were
furnished by the Army Aeroflightdynamics Directorate in order to
provide an illustration of the parameter matching procedure and
verification of the resulting math model.
It is believed that the results of this modeling process
are sufficiently good to be used as the basis of a lateral
control handling qualities experiment such as that performed
under this contract.
The general procedure followed was firs% to quant.Jfy the
basic math model form using engineering data provided by the
helicopter manufacturer. The second step was to adjust
parameters in order to match trim data from flight and to add
certain nonlinear characteristics such as downwash on tail and
fuselage. The final step was to match dynamic response cases
adjusting rotor model parameters. Details of the matching
procedure are presented below.
I. Initial Quantification of Model Parameters
The first step was to set up the main data file for the
math model using all available engineering data. In this case a
fairly complete array of these data were supplied by the
manufacturer. The following paragraphs present the initial
quantification of parameters for each of the model components add
a short discussion of the basis for quantification.
Loadin_ Parameters
FS.CG, WL.CG, WT
132.7 in , 38.5 in , 54011b
"FS.CG" is the location of the center of gravity in the fuselage
reference system in inches from the zero fuselage station,. For
the AI09 this can be found in the flight manual but must be
converted from millimeters.
"WL.CG" is the vertical center of gravity location in inches
above the zero waterline. Without a specific value, this car be
estimated as approximately at the level of the engine. }|owew.r
it is important to determine this quantity as accurately as
possible since a significant portion of flapping stiffness (thus
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pitch and roll damping) results from the vertical offset of the
rotor hub from the vertical center of gravity.
"WT" is the gross weight of the aircraft in pounds. A
representative value can be picked from the flight manual _oading
envelope diagram, however a fairly accurate weight should be
available for any given set of flight data.
IX, IY, IZ, IXZ
1590 slug-ft 2, 6761 slug-ft 2, 6407 slug-ft 2, 598 slug-ft 2
"IX," "IY," "IZ," and "IXZ" are the moments of inertia about the
center of gravity in the "body" or fuselage reference line axi_
system. The first three are essential to the math model. IXZ
can be neglected but an effect can be seen in yaw respose due to
roll axis inputs. It should be recognized that moments of
inertia often cannot be measured accurately and can therefore be
subject to modification in order to match flight data. For the
Al09 the value of IX was reduced from that shown above in order
to match the primary roll damping mode.
Main Rotor Parameters
FS.HUB, WL.HUB, IS,
132.4 in, 98.2 in, .II rad,
E.MR, I .B,
0.5 ft, 212 slug-ft 2
"FS.HUB" is the fuselage reference system location of the main
rotor hub measured aft of the zero fuselage station.
"WL.HUB" is the
rotor hub.
corresponding waterline location of the main
"IS" is the main rotor shaft tilt forward of vertical in the
fuselage reference system and measured in radians.
"E.MR" is the geometric main rotor flapping hinge offset for an
articulated rotor or the effective hinge offset for a rigid
rotor. Any empirical adjustment of this parameter should be done
with care. In general, for teetering and articulated hubs,
variation of the roll moment of inertia is probably easier to
justify than the geometric flapping hinge offset.
"I.B" is the flapping inertia of a single blade about
flapping hinge.
the
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R._, A._, RPM._, C_, B._,
18 ft, 6/tad , 385 rpm, 0.010, 4 blades
"R.MR" is the actual main rotor diameter in ft.
"A.MR" is the effective lift-curve-slope of the main rotor irJ
units of non-dimensional lift coefficient per unit radian of
angle of attack. Values of 5.7 or 6 are commonly used.
"RPM.MR" is the nominal angular velocity of the main rotor in
units of revolutions per minute. This can ordinarily be found in
a flight manual.
"CDO" is the effective profile drag for the main rotor blade
cross section. Values of 0.010 or O.012 are commonly used, but
this can be adjusted in order to fit power required data,
especially in hovering flight.
"B.MR" is the number of blades in the main rotor array.
C.MR, TWST.MR, KI
1.10 ft, -.105 tad, .096
"C.MR" is the blade chord in ft.
"TWST.MR" is the effective blade twist in radians.
"KI" is the tangent of delta-3, the effective pitch-flap coupling
based on flapping hinge geometry. Although the above value was
given for the AI09, the effect was ultimately neglected in
matching pitch and roll cross-coupling effects.
Fuselage Parameters
FS.FUS, WL.FUS, XUU.FUS, YVV.FUS, ZWW.FUS
132 in, 38 in, -10.8 ft 2 -167 ft 2 -85 ft 2
P t
"FS.FUS" is the fuselage station corresponding to the effective
center of pressure in the vertical axis. Here is was nominally
set equal to the main rotor hub position.
"WL.FUS" is the waterline for the center of pressure in the
longtudinal axis. It can be adjusted to account for hub drag as
well as that of the fuselage itself. In this case it was set at.
the vertical center of gravity.
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"XUU.FUS" is the effective frontal area corresponding to profile
drag in the x-axis. The value used here was provided by the
manufacturer.
"YVV.FUS" is the effective side area for sideward flight, that
is, sideslip equal to 90 deg. Again it was provided by the
manufacturer.
"ZWW.FUS" is the effective planview area for vertical flight, i.
r., angle of attack equal to 90 deg. It affects the power
required to hover and is used in conJuntion with pitching moment
due to airspeed changes.
Wing Parameters
FS.WN, WL.WN, ZUU.WN, ZUW.WN, ZMAX.WN, B.WN
000 in, 00 in, 000 ft 2, O000 ft 2, 000 ft 2 1 ft
The AI09 does not have a wing, thus zeros were set for all values
except the span which needs any arbitrary non-zero value to avoid
division by zero. All the individual values can however be found
or estimated similarly to those for the horizontal tail.
HQr_zontal Tail Parameters
FS.HT, WL.HT, ZUU.HT, ZUW.HT, ZMAX.HT
330 in, 54 in, .4 ft 2 -34 f%2 -22 ft 2
| J
"FS.HT" is the effective aerodynamic center of the
tail in inches from the reference fuselage station.
estimated as the quarter mean aerodynamic chord
engineering data or on a planview of the aircraft.
horizontal
It can be
based oz_
"WL.HT" is the effective vertical location of the h_rizontal
tail. The value used is important in computing the position of
the main rotor downwash field as airspeed is varied.
'ZUU.HT" is the effective lift per unit dynamic pressure at zero,
angle of attack relative to the fuselage reference system. Th_
value used is important in establishing the trim pitch angle at
high forward velocities.
"ZUW.HT" is the effective variation in circulation lif'c and can
be estimated as the negative product of lift-curve-slope and
surface area.
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V_erti_a_ Fin Parameters
i'
FS. VT, WL. VT, YUU. VT, YUV. VT, YMAX..VT
380 in, 80 in, 3.3 ft 2, -47 ft 2, -17 ft 2
"FS.VT" is the fuselage station for the effective aerodynamic
center of the vertical fin.
is the vertical position of the vertical fin aerodynamic
"YUU.VT"
sideslip.
incidence.
is the
This
net y-force per unit dynamic pressure for zero
arises either from vertical fin ,=amber or
"YUV.VT" is the sideforce arising from a slde-velocity component
and is approximately equal to the lift-curve slope time the net
f in area.
"YMAX.VT" sets the maximum sideforce generated by the vertical
tail at stall.
Tail Rotor Parameters
FS.TR, WL.TR,
391 in, 70 in,
R.TR,
3.1 ft,
A. TR, SOL.TR, RPH.TR, TWST.TR
3/tad, .134, 2080 rpm, -.137 rad
"FS.TR" and "WL.TR" represent the center of the tail rotor hub in
the fuselage reference system.
"R.TR" is the radius of the tail rotor in ft.
"A.TR" is the effective lift-curve-slope of the tail rotor and
can be set equal to that of the main rotor. It can be adjusted
downward in order to account for interference effects with the
vertical fin. In this case it was reduced by one half in order
to match pedal trim data as discussed below.
"SOL.TR" is the solidity of the tail rotor, i. e., the
actual blade area to disk area.
ratio of
"RPM. TR" is the angular velocity of the tail rotor in terms
revolutions per minute.
of
"TWST.TR" is the effective twist of the tail rotor blade.
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2. Model Adjustments Needed toM etch Static Trim Data
Several model parameters and functions were adjusted in
order to produce good static trim matches. This was important in
establishing realistic attitudes, control deflections, and power
requirements.
For the AI09 those adjustments found necessary included:
o A tail rotor efficiency factor of 0.5 in order to account
for vertical fin interference effects.
O A triangular main rotor downwash field superimposed on the
horizontal tail vertical velocity and displaced I ft
rearward.
o A magnification of the dihedral effect at low speeds
individually set for the lateral and longitudinal, axes.
A shift in the planview center of pressure
downwash on the fuselage provides a
proportional to airspeed.
such that the
pitching moment
_ai_il__Rotor Effectiveness
The first adjustment was made by changing "A.TR" from a
nominal value of 6/rad to 3/rad. This was done on the basis of
matching the pedal deflection (i. e., tail rotor collective
pitch), especially at low speed and hover. The effect wa_
applied directly in the tail rotor thrust equation wherein "A.TI£"
appears.
THRUST.TR : (VB.TR- VI.TR)
*OMEGA.TR_R. TR*RHO*A.TR*SOL.TR*PI*R.TR*R.TR/4
T!_'ian_ular__¢ed-Velocitv Field
The second adjustment consisted of assuming a triangular
induced velocity field with a magnitude of 2 at the rotor tip and
zero at the hub. This can be justified by observing measured
downwash field data such as presented by Heyson and Katzoff in
NACA Report 1319. This effect is crucial to portraying the large
change in pitch attitude between zero airspeed and 20 kt
rearward. The program instructions affected are given below:
D.DW=( VA(1)/(VI.MR-VA*3)*(H.HUB-H.HT) )-( D.HT-D.HUB-R.MR )
(position where edge of downwash passes through plane
horizontal tail)
of
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D.DW=D.DW + I
(shift of D.DW by one foot in order to match speed where downwash
on tail effect is seen in trim data)
IF (D.DW>0 AND D.DW<R.MR) THEN EPS.HT: 2_(I-D.DW/R.MR)
ELSE EPS.HT:O
(triangular downwash if D.DW is negative)
WA.HT = VA(3) - EPS.HT_VI.MR.+ D.HTZVA(5) :' local z-vel at h.t.
(appearance of downwash effect in computation of relative z-
velocity component at horizontal tail)
Dihedral Magnification at Low Sveed
The third adjustment consisted of magnifying the effective
dihedral effect at very low speeds when the rotor wake interacts
with the fuselage. This enhanced dihedral effect could be seen
directly in the cyclic control gradient with respect to forward
speed and side velocity.
The model equations affected are limited to the rotor
flapping equations. Below a speed of VTRANS the computed
parameters daldu and dbldv are multiplied by 3 and 2,
respectively. The values are empirical and based on cyclic trim
data. VTRANS was set at 30 kt based on the large change in stick
trim observed at that point. The program statments involved are
shown below:
IF VA(1) < VTRANS THEN WAKE.FN = 1 ELSE WAKE.FN : 0
(rotor wake effects are added to the effective tip-path-plane
dihedral when WAKE.t_q = i, i. e., below and airspeed equal to
VTRANS)
A.SUM : GV(8)-DC(2)+KC*GV(7)+DBIDV*VA(2)*(I+WAKE.FN)
( i. e., bl - A1 + e.al ÷ dbl/dv .V )
B.SUM : GV(7)+DC(3)-KC*GV(8)+DAIDU*VA(1)_(I+2*WAKE.FN)
( i. e., al + BI - e.bl + dal/du .U )
GR(7): - ITB*B.SUM -- ITB2.OM*A.SUM i- YA(5)
( i. e., al.dot : ... )
GR(8): - ITB*A.SUM + ITB2.OM_B.SUM - VA(4)
( i. e., bl.dot : ... )
Downwash Center of Pressure 9/I__
The fourth and final adjustment needed to match trim data
is the shift of downwash center of pressure on the fuselage as
speed varies. This affects not only the longitudinal cyclic to
trim but also the trim pitch attitude.
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The approach was to compute an effective wake postion in
the plane of the fuselage similar to that computed for the
horizontal tail. This position was then used in the pitching
moment equation along with an empirical magnification factor.
The net effect is a change in fuselage pitching moment with
forward speed.
The program instructions affected are:
WA.FUS : VA(3) - VI.MR
(computed net downwash on fuselage, i. e., W - V. )
1
D.FW=( VA(1)/(-WA._IJS)*(H.HUB-H.FUS) )-( D.FUS-D.HUB )
(computed position of downwash at fuselage waterline as
varies)
airspeed
D.FW=3*D.FW
(empirical magnification of a.c. shift used to match trim data)
Z.FUS = R2 * ZWW.FUS • AHS(WA.FUH) • WA.FUS
(z-force resulting from downwash on fuselage)
M.FUS = Z.FUS * D.FW - X.FUS * H.FUS
(pitching moment due to x- and
respective aerodynamic centers)
z-forces acting at their
The resulting math model trim characteristics
compared with the AI09 flight data in the following pages.
are
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3. Model Adjustments Needed to Match Dynamic Response Data.
The final step in the model matching process was the
adjustment in the model to account for features seen in both the
primary on-axis response as well as cross-coupling effects.
The adjustment of dynamic response features was
limited only to pitch and roll response in hover. Other axes and
flight conditions would be addressed in a similar manner.
In the case of the AI09 it was found that by removing
cross-coupling in flapping and hub moment equations a reasonably
good match could be achieved for the pitch and roll axes with
only minor adjustment of moments of intertia.
Roll Inertia Red_ct_on
The dominant roll-damping mode was matched closely by
varying the lateral flapping stiffness via a reduction in the
roll moment of intertia. This was considered preferable to
increasing the flapping hinge offset since the latter would also
affect the pitch response.
The value of IX in the data input file was reduced
1590 to 1300 slug-ft 2.
f r ¢.,l_
R_emoval of Rotor Flap Cross-Couplin_
One element of pitch response due to a roll input can be
attributed to the cross-coupling in the rotor flapping equations.
In this case it was found that decoupled flapping provided a
better match to flight data thus the simplification was made.
The coupled first-order flap equations were decoupl_d by
simply by recomputing the values of "ITB" and "ITB2.OM." Thu_
the primary flapping response consists only of a first-order i_g
as described in Reference i.
This change is accomplished by setting:
ITB = GAM.OM.16
and ITB2.0M = 0
Elimination oZ Hub-Moment.__q__oss-Couplin_
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The aerodynamic cross-coupling represented by DL.DAI was
also set equal to zero in order to further suppress pitch cross-
coupling due to roll as seen in flight data.
Removal of Delta-3 Effect
In order to maintain consistency of model complexity
following the above simplifications, the Delta-3 effect as
represented by the _arameter "KI" was also set to zero.
Adjustment of Cross-Axis Inertia
The effect of an inclined principal axis of inertia could
be seen readily in the short-term yaw response following a roll
o
input. An increase in I from 598 to 800 slug-ft _ provided a
XZ
slightly better match to flight data.
A_justment of Cyclic Control Phasin_
There was some evidence of cyclic control phasing in the
AI09 although control system geometry indicated none. First,
inspection of swashplate angle records for pitch and roll inputs
showed minor off-axis inputs which were generally consistent with
the cross-coupling response which followed. Also there was a
direct measurement of a nearly I0 deg steady lead-lag component
which, depending upon the hub pitch control geometry, could
contribute to a cyclic control phase effect.
The results of the dynamic response adjustments for
and roll inputs in hover are shown in the following pages.
pitch
D-16
!
_qlill4r4_ uq' '*_4_ , _- _ - _
C/3 [-_
[--'i r._ E-I _.I
t..d
£-i
\ .
!:_
?*A_
\
_..___.___J._
D-17
I,
(s/93Q) 3,vv "nov
wo •
/
(s/_¢) _.vw -,w.
o
I
q
4
).-
LL
o
z
0
_.J
L,,
>
0
I
| _ • t, i "
(VO)IG))U.ve .3_
.................... }o
1
j.
l
J:
1-
]
_J_)341)_ I_4*Q_UO_01
D-18
ORIGINAL PAGe" IS
OF POOR QUALITY
4. Revised ProgramListings for the AI09 Hath Model
The following listings show 'the revisions made to the
file, preliminary calculations, and the dynamics subroutine.
18put Data File
data
type HEL302.DAT
]tttttltttttttttttttttittttttttttttttttt*tltttltlttttttttttttttttitt!
! !
! DATAFILE FDR1HE AI09 11 HELICOPTERPARARETERS !
ttttt!tlltltttttliltttl!ttttlttll!l!ttttttttttti!tlttillttl!ttttl!!!t
(CONFI6URATION,AIRCRAFTNAME,FS.C6, NL.C6, WT, [J, !Y, IZ, ]XZ)
302, 'AI09 If', I32.7 , 38.5 , 5401, 1300, b760, 6407, 800
(FS.HUB, ML.HUB, IS, E.NR, I.B,R.RR,A.MR, RPR.RR, CDOtB.MR,C.RR,TNST.RR,KI)
132.4, 98.21 .tl, 0.50, 212, t8, 6 , 385, 0.010, 4, I.IO, -.105, 0
(FS.FUS, NL,FUS, XUU.FU5,YVV.FUS, ZIW.FUS)
132, 36, -I0.6_ -167_ -85
(FS.IIN, NL.IIN, ZUU.NNtZUN.WN,ZffAX.IIN, B.NN)
O, O, O, O, O, l
(FS.HT, IL.HT, ZUU.HT, 2UI.HT, ZP_I.HT)
330, 54, .4, "34, -22
(FS.VT_ IL.VT, YUU.VT, YUV.VT! YNAX_VT)
3B_, BO, 3.3, "47, -17
(FS.TR, NL.TR, R.TR, A.TR, SOL.TR, RPN.TR, TNST.TR)
391, 70, 3.1, 3, .134, 20801 ".137
C)
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Preliminary Calculations
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1605
1610
1620
1630
1640
1660
1670
1680
1685
1688
1690
1691
1692
1693
1694
1696
1697
1698
1699
1700
1702
1750
1740
1750
1760
1770
1780
1790
1800
VT.IN.FPS : ABS(XDOT/COS[6AHM.RAO))
VT = VT,IN.FPS/FPS.PER.KNOT
VT.IN.FPS.SgUARED= VT. IN.FPS ^ 2
B = WTISRAV
DMESA.MR= RPM.MRe2eP[/60
OMEGA.TR= RP_.TRe2eP[160
V.TIP=R.MReQME6A.BR
FR.MR= COOIR._*B.MReC.MR
FR.TK = CDO*R.TRtB,TReC.TR
HP.LOSS: 90
VTRANS= 50 :' speed {or trdnsition from dihedral wake {unction
TEMP.RATIO=I!- LAPSE.RTmH
PRESS,RMIO = TERP.RATIO^TEMP.EXP
DENS.RATIO= PRESS.RM]O/TEBP.RM[O
RO= OENS.RMIO*RHO.SEA.LEVEL = R2=RO/2
GAR.OM.16= RO_A.MR*C.NR*R.MR^4/I.B*OHEGA._RIIbt(I+BIZ*E.MRIR.MR)
KC : ( .75*OME6A.RR*E.BR/R.MRI 6AR.OM.I6 ) + KI:' {lapping aero cpl
ITB2.0R = OREGA.RRI(I,(OHES_.RR/GAR.OR.16)^2) :' flapping x-cpl toe{
ITB : lTB2.0HiGSEGA.HR/GAR.OR.16 :' {lapping primary resp
TT82.0M= 0 :ITB = 8AM.OM.16 :' tempmod for A109
DL.DBt : B.MR/2*(I.5mI.BeE.MRIR.MReORE_.HReONEGA.BR):' primary {lapping stiffness
OL.DAI:R2eA.MR*B.HRtC.BReR.MRiV.TIPmV.TIPeE.BRI6:'cross (lapping stif{ness
CT=WT/iROePIeR.MR*R.BRtV.TIPmV.TIP) :' thrust coeF{icient
A.SISNA=A.RReB.HRmC.HR/R.RRIP[ :'a x sigma
081DV=210MEGA.MRIR.MR*(8*CTIA.S]6MA+(SQR(CT/2))):'TPPdihedral e{{ect
DRIOU=-DBIDV :' TPPpitchup with speeO
H.HUB= (WL.HUB-WL.C6)II2
H.FUS= (WL.FUS-WL.C6)II2
H.WN = (WL.WN-WL.CE)/12
H.HT = (WL.HT-WL.CS)/12
H.VT = (WL.VT "NL.CS)/12
H.TR = (WL.TR -WL.CG)II2
: O.HU8= IFS.HUB-FS.E8)/12 :' hub re cg
: D.FUS= (FS.FUS-FS,C6)II2 :' Fuselage re cg
: O.NN = (FS.WN-F5.C8)/12 :'wing re cg
: O.HT : (FS.HT -FS.CG)I[2 :' horizontal tail re cg
: D.VT = (FS.VT -FS,CG)II2 :' vertical tin re cg
: D.TR • (FS.TR -F5.C6)/12 :' tail rotor re cg
RETURN
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6000
6010
6020
6030
607O
6060
6090'
6100 '
6120 '
6130
6140
6150 '
6170
6180
6190
6200
6210
622O
623O'
6290
6320 '
6330 '
6340 '
6341
6345
6346
6347 '
6350
5360
6370 '
_380
o390
6400 '
6410
6420 '
6430 "
_4,_'
6490
65OO
6510 '
6540
6550
65'/0
6580
6590
6610
6620 '
DYMAIIICS:Pyua_dcsubremtir.e
lllllliJJll IIHIIIIIIHIIIIIIIIIIIIIIIIIIFIIIIIIIIIIIII{tlIIIIIIIIIIIIIII
IF CHEI_• I THEM60SUBIt940 :' print state vari_le to screen
*O*HH*****.* PrJlieinary calculations ,***eeJeJ**sJ,
C4= COSIZE(4)): $4 = SIM(XE(4)) :' evaluateEuler angle trig Ins
C5• COSIXE(5)): $5 • SINIXE(S))
VAII),VBII) :' -(V6I])oCS) :' evaluaterelative airless velocities
VAI2)JV|(2) :' -(V612)JC6-V611)JS6)
VAI3)=VIil3):' -IVS(3)eCS_V6II)*SS)
VAI4),V|I4) :' -V644)
YAIS)'VD(5)
WlI6)'VIII6)
VTA-_R(VAII)JVAII)+VAI2)oVAI2)+VAI3)IVAI3))
ooHteJoo,oeo,. Rotortip pith plane dynuics eoJJJoJO,O,***
IF VAIl) ( VTRMSTHEMI_[.FM • I ELSIEi_E.FN = 0 :' rotor makee¢iects
A.SIJH.6V(O)-0C(2I+KCI6VI7)+O|IOVJVAI2)e(L+HN(E.FN):' bl - At + e.al + dbl/dv ,V
D,SUIIt6V(7I+DCI3)-KCe6VID)+NIDUeVA(L)iII+2JMAKE,FM):' al + DI - e,bi * dal/du .U
OR(7), - ITD*D,GUN- [TD2.0HeA,SUll- VA(SI :' at.dot
Bitg), - ITDJA.S_ + ITD2,_oD.SUII- VA(4) :' bl.dot
6V(7),6V(7) + ST*(A2e6R(7)+ B2*_°(Ti)
6V(g),6V(O)+ STJ(A2t6R(9)+ D2*AP(O))
:' at updated
:' bl updated
_(7)-611(7) : AP(6),6Rt6) t' llve past values
,oooeJajoaooo,flain Rotor thrust andinduced velocity eooJOOeaoooae
IIA • VA(3) + (6V17)- 15)*VAII) - W(O)eVAI2) s' z-axis vel re rotor plane
VD• MR+213o01E6A.HIIeR.HIIo(DC(1)+ .75JT_T.M)t'z-axis vel re blade
FOR1,1 TO5 I' iterative solution o( thrust and induced ve]
TMUST.HR,(MD-VI.HR)eoRf:6A.ORoR.MgliHOoA.HRoD.HtoC,HRoR.Itfl/4
ViVIT.2,VAII)'2 + VAI2)'2 + EIIIMR-2oVI.M)
VI.M.2,SIRI(VHAT.212)oIVI_T.212I+(TINUST.Ntl21IAflOePIoR.IIR^2))'2)- VHAT.212
VI.NI,BORIAI_IVI.NI.2)I s' mailsretw inducedvelxity
MElT I
6640
6650
6652
6653
6660
I 6670
_80
6690
• 6710
6720
=
• 6740 '
67e0
= 6790
6800
6810
6820
6B30
6840
6850
6960
6B70 '
6BBO '
= 6B90
6900
69]0
6%0
6970
6980
6990 "
7000
D
I
L
7010
7060
707_
7100
7110
7]20
7149
7150
7160
7180
7190
7X20
7_i(,
733¢
7_4_ '
736(,
7Z7_ '
7410
7411
7415 '
7416
744(!'
745(,
745[
746(
7470 '
7500
7550 '
ltltttltltttlttlttltllltttl! Eu|e|a|l ltttalltttttltltttltttttttttt!
WA.FUS• VA(3I- VI.HR :' includerotordounuashon fuselage
D.FWt{ VAIIIlI-WA.FUS)mIH.HUD-H.FUS) )-( D.FUS-D.IEI_ ):" position oJ domlllish [_h½,Sliigl
LFWt3I}.Fi :' empirical correction for rut i.e. shift magnification
I.FUS • R2 a XlAI.FUS* ABSIVA(I)) e VA(I) :' drag force
Y.FUSs R2 e YW.FLtSo AIlS(VA(2)) o ¥A(2) :" side*force
Z.FUS • R2 * IW.FUS e AN(IM.FUS) e IM.FUS :' heave (m'ce
L,FUS= Y.FUSeH.FUS
H,FUSs Z.FUSoB,FII - I,FUSoH,FUS
P. IIJCED.fir = THRUST.fir* VI.M
P.CLIHB: HTIHDOT
P.PARASITE: - I,FUSoVA(II - Y,FU_oVA(21- Z,FUSoWA.FUS
P.PROFILE.fir • R2o(FR.fir/4)eOffEBA.firoR.nRe(OHEEA.fir*2eR.fir^2_ 4.be(¥A(L)eYA(I)+VAI2)oVA(2)))
POVER.fiR• P.INOUC_D,HR+ P.CLIflB + P.PARASITE+ P.P_FILE.fiR
POWER.ROTOR._• P.I@_ED.ER * P.PR_ILE.m
POiER.FUS• P.FARASITE
TDR@IJE.ME= P_R.MIO_.BR
Computemain rotor force and momentco_ontm.
X.HR : -THRUST.MRo (6V(7)-IS)
Y.HR= THRUST.HRo 6918)
Z.HE : -THRUSLflR
L.HR : Y._eH.HUD + DL.DDJIEVi8) * DL.OAIo(EV(7)+DC(3) - kleGV(8))
M.BR : Z.HRoD.HUB- X.HRoH.HUE_ DL.D_IoSV(7) +DL.DAIo(-BV(S)eDC(2) - KIoBV(7)!
#.HR : TOROUE.HR
monoeoe,meoom, Tail Rotor thr,st and induced velocity eomoe_eeoaH,
_.TR : -(VA(2) - VA(6)oD.TR+ VA(4)oH.TR) :' velocity relative to rotor plane
Vg.TR = V_.TR +213oO_6A.TReR.TRe(_(4)+TNST.TR_.751 :' velocity relative to blade
FOE1:1 TO 5 :' iterate on thrust and inducedvelocity
THRUhT.TR=WD.TR-VI.TR)eOflEGA.TRoR.TRoR_oA.TRe_L.TRePIaR.TReR.TR/4
VHAT.2=IVA(3)+VA(5)eD.TR)^2 ¢ VAIl)^2 + VR.TReI_.TR-2sVI.TR)
VI.TR.2=S_((_AT.212)e(VI_T.212)e(THRUST.TRI21(R_OIoR.TR_2))^2) - _AT.212
VI.TR•SQR(ABS(VI.TR.2))
NEXTI
POWER.TR: T_UST.TRoVI.TR
Y.TR : THRUST.TR
L.lR : Y.TReH.TR
N.TE : -Y.TRo_.TR
;;tttttlttttttiit}tt Hor:zonta] _ill lttlttlttltttltttltltltltllltt
D._W:( VA{I)/(VI.HR-VAO:)OIH.HUD-H.HU )-( D.HT-D._B-R._ ):' impingement of dounwashon tail?
_,_W:_,_i + I :' shifts transition position (or empirical correction
EPS.HT:.5e(I+S6N(D.DH)) :' uni_oru down•ashf|o]d
IF (LDW>OAHDD.DW(R.HR)THENEPS.HT, 2o(I-D.DN/R.HR) ELSEEPS.HTsO:' triangular downiashhel_
WA.HT• VA(_) - LP_.HToVI.HR¢ D.HToVA(5) :' local z-vii at h.t.
VTA.Hf-SO_(VA(I;aVA(li+VA(_)oVAC2ieWA.HTeWA.HT)
Z.HT,_2o(Z_.HToABSiVA(I)ioVA(1) + ZUW.HTeADS(VAII)IeHA.HT)x' csrculatton lift on h.t.
IFABSIWA.HT)).3oADSIVA(I)) THENZ.HI,R2eZIIAI.HToA_SIVTA.HT)eNA.H?:' surface stalled?
D-22
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7560
757_
7590
760_
7340
7E50
7670
7EBO
7690
7720
7750
7820
7642
7650
7860
7870
7860
7890
7895
7897
7900
7910
7940
7970
6000
BOlO
8020
8030
8040
6050
8060
8070
8080
8090
6100
8110
6120
8130
6140
8150
6160
6170
8160
819_
81?:
6193
e200
_2!O
6270
8290
6300
6_1('
6_0
833(
6340
8350
8360
6_70
8380
H.HT = Z.HT*D.HT :' pitchzno moment
lll;JllIHlllilil_J;t_Igll iiflg lli{lll{llllllIillall{liltlll;Ige{l
HA.iN = VAil) -V]._ :' local z-ve| at wing
VTA.HN:SO_(VA(I)oVA(L)aHA.HNsHA,HN)
Z,UN=R2o(ZUU,HNsVA(I)sYA(I) ¢ ZUH,HNIVA(liaHA,NK) :' normal 4arcs
X,H=-_IP]/VTA,W/VTA,HJ(Z_,BNo_(I)aVAII)+ZUH,_VA(I)eHA,I)*2
]F ABS(BA,UN)),3eADS(VA(II) THIN Z,H_eZHA/,U_IVTA,HN}eNA,I :
POilER.t = ASS(X.KNeVA(I))
PONE_= PONER.HR+ POHER.TR+ POMER.ilN+ HP.LOSSe550
OR;GIr_AL PAC, E IS
.OF.I OR QUAUTy
lilllilllllilllillSllll Vertical tail s.,so,oaesJaotn.a.,aoe,.,o,l
Computeaerodynaeic forces on vertical tail
VA.VT:VA(2)+VI.TR-D.VToVA(G)
VTA.VTzSOR(VA(I)oVA(I)+VA,VToVA,VT)
Y,VT:R2o(YUU,VTtADS(VAII))mVA(I) + YUV,VToADG(VAII)ioVA,VT)
IF hDSIVA.VT)).]oABS(VA(I)) THENY.VT:R2oYHAX,VTsADS(VTA,VT)oVA,VT:
L.VT : Y.VTmH.VT
N.VT = -Y.VToD,VT
tstt##ttltiotaH General force equations tltliititiiltlilit;ittttt!
I.GRAV : -Hs6RAVsS5
Y.6RAV= Hs6RAVsS4oC5
Z.6RAV= Hs6RAV*C5*C4
:' gravzty forces
: : gravity : H.E. : FUS. : T,R : H.T. : WIN6 : V.T. : conponent:
: : : : :
F(l) = X.6RAY+ I.Hk + I.FO5
F(2) • Y.6RAV+ Y.HR • Y.FUS + Y.TR
F(Z) = Z.6RAV+ Z.HR + l.FUS *
It(4) = + L.HP, + L.FU8 + L.TR
f(5) • + H.HR + H.FUS
F(6) : + N.H_, + N.TP,
F(7) : 68(7)/lTli
F(E_ = 6R{8)/ITD
: :
+ I.NN
+ Z.HT + Z.NN
+ H.HT
: : :
: X-force :
+ Y.VT : Y-force :
: Z-force :
+ L.VT : L-moment:
: n-oooent:
+ H.VT : N-moment:
: p_tc_ _iap
:' roll flap
t I e o _
° i I g I * # I I
lf CHECK=OTHEN60SUE1104_ :' fill force componentarray
Body Accelerations
A8(I) = - (VD(5)sVDI3)-VDI6)oVDI_)) + FII)/H
AB(2) • (YGl4)aVD(_)-VDll)mV6(6)) + F(2)/_
k_(3) • (VBll)eVBI5)-VD(4)eVD(2I) + Fi3)IH
A8_4) • F(4)/lX
AB(5) • FIS)I|Y - VD(4)*V8(G)*(]I-]Z)/]_ + IV8(6)*VD(6)-V8(4)*V8(4)),]XZ/JY
A8(6) • F(6)llZ * [IZIA8(4)IIZ
: induceo drag
' surface stalled?
' surface stalled _
E390 '
8400 '
94!(o
1420
B430
B440
84_0 '
8470 '
848O '
1490
n0¢
8510
r520
B53(,
854O
8550'
r_6o '
B570 "
858O
9590
9600
8610
6630 '
B640
865c_,
86_0
6670
9690
BTO{,'
Integrate _odv Accelerations
P_ 12 = I T9 6
Viil%J • Villi) 4 ST e iil e Q(I%I + lii M(I%))
iP(IZ) * 6B(IZ) : REM SAVEICCELPaSTWILUES
iEIT I%
Transform to earth (A/C rel tD deck) vllocJties
VEIl) = (VII(I) e C5 + VIE3) e $5) e C4 e COS(IEI6)l
V£(2) = VlI2)eCOS(IEI6)I+VI(II e Sll (IEI6))
VII3) • (nEll e $_ - WI3) e L_ ) e C4
VTI4) • V|I4) + (V|($) e $4 + VII(6) a C4) s TIW(IE($))
VEIS) : VBIS) e C4 - ¥1(61 e 14
VII6) : (V|(61 o Cq + Vii5) o S4) I C5
Integrate earth (A/C relative to deck) velocities
FORI%= I TO6
XE(I%} = lE(I%) + ST m (A2 s _111) + 02 e gill))
PP(I%) = YE(I%) : REN SA_ _EL PIST VALUES
NEXTI%
TIME=TIME+ST
IF CHECK:ITHEkIF CHECK.LOOP(_ECK.LOOP.NAXTHEN60TO6020
IF CHECK=1THEN60SU_12140
RETURN
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